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Abstract 
In this study, characteristics of the turbidites and turbidity currents associated with the 2011 
Tohoku-Oki Earthquake and Tsunami were investigated using the sensor data, seafloor 
observations and surface sediment cores on seafloor. As a result, this study proposes a 
hypothesis suggesting that the large-scale tsunami can generate turbidity currents in deep sea. 
This hypothesis was verified by the numerical experiments of tsunamis and turbidity currents. 
The result of this research indicates that understanding of the initiation mechanism and behavior 
of the tsunami-generated turbidity currents are important to reconstruct paleo-events and paleo-
environment change in deep sea such as surface disturbance associated with earthquake and 
tsunami events. 
The 2011 Tohoku-Oki Earthquake and Tsunami occurred at 5:46 (UTC) on March 11, 2011 
off Tohoku region, Japan. At about 3 hours after the main shock of the Tohoku-Oki Earthquake, 
the sensors on the seafloor recorded that the anomalous event occurred. Subsurface sediment 
cores were collected at 22 sites over range of water depth 170–7500 m, and event deposits 
(newly emplaced sediment layers) were observed identified obviously at the top of 14 core 
samples. Sedimentological analysis of these layers implies that the event deposits can be 
interpreted as turbidites, and it is suggested that this anomalous event was affected by the 
turbidity current run from shallower regions. 
Because of the absence of related submarine landslides in the shallow marine area, it is 
reasonable to consider that the turbidity current was developed from the tsunami itself. It is 
hypothesized that the suspension cloud was stirred up by the tsunami at shallower depths and it 
grew into the turbidity current via the self-accelerating process. Both the condition (flow 
velocity and distribution of event deposits) of turbidity currents and turbidites estimated from 
the observation and results of numerical simulations of the unsteady turbidity current were quite 
conformable to this hypothesis. The numerical experiments of turbidity currents suggested that 
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the tsunami-generated turbidity currents can occur when seafloor sediment in shallow marine is 
eroded at least 1.4 cm in thickness (in case of the porosity 50%) by the tsunami. The numerical 
experiments of tsunamis (using iRIC-ELIMO) indicates that the Tohoku-Oki Tsunami can 
eroded substrate 1–2 cm in thickness off Miyagi Prefecture, suggesting that the tsunami erosion 
may exceed the requirement to develop the tsunami-generated turbidity currents. Thus, it is 
concluded that tsunamis that have a similar scale to the Tohoku-Oki Tsunami potentially 
produce turbidity currents and can be recorded as turbidites in geologic records at high 
sedimentation rate area.  
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1. Introduction 
Turbidity currents are a common type of sediment-laden subaqueous density flows, which 
are one of the major processes to transport sediments from shallow-marine to deep-sea floor 
(Meiburg and Kneller, 2010). It has been revealed that turbidity currents can be generated by 
various processes such as submarine landslides associated with earthquakes and tsunamis, river 
floods, storms (Normark and Piper, 1991), tides, waves (Wright and Friedrichs, 2006; 
Traykovski et al., 2007) and breaching (Van den Berg et al., 2002).  
These currents were detected immediately after the 1908 Messina and the 1929 Grand-bank 
earthquakes that are characterized by the occurrence of large submarine slumps (Heezen and 
Ewing, 1952; Ryan and Heezen, 1965). Since then, paleo-earthquakes have been assumed to be 
recorded as turbidity current deposits (turbidites) in sedimentary successions (e.g., Goldfinger, 
2011; Polonia et al., 2013).  
Although it is quite significant for reconstructing recurrence intervals of large paleo-
earthquakes and paleo-tsunamis, identification of triggers of turbidity currents such as 
earthquakes or tsunamis from turbidites is generally difficult. Thus, analysis of non–earthquake 
triggers is also important to develop reliable criteria to distinguish earthquake records in modern 
submarine fault zones (Adams, 1990; Beattie and Dade, 1996).  
The 2011 Tohoku-Oki Earthquake occurred at 5:46 UTC on March 11, 2011, with the 
epicenter located off the east coast of northeastern Honshu Island (Tohoku region), Japan (Fig. 
1). This earthquake was Mw. 9.0, and it is the largest recorded Japanese earthquake (Fujii et al., 
2011) and the fourth-largest earthquake in the last 100 years (Nettles et al., 2011). The rupture 
area, assumed to be approximately 450 km × 200 km, generated a tsunami 130 km off the coast 
of Miyagi Prefecture, in northeast Japan (Mori et al., 2012). A large-scale tsunami was triggered 
by this earthquake. The tsunami first reached the Japanese mainland 20 min after the earthquake 
and ultimately affected a 2,000 km stretch of Japan’s Pacific coast (Mori et al., 2011). The mean 
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inundation height in southern Sanriku is 10–15 m and there are several peaks along the coast 
from the northern to middle part of Sanriku (Mori et al., 2012). It inundated extensive areas in 
the coastal regions of the Japanese Islands and other Pacific Rim areas (Stimpson, 2011). The 
tsunami inundation caused severe damage, especially in the coastal regions of northeastern 
Japan, such as Fukushima, Miyagi, and Iwate Prefectures.  
After the Tohoku-Oki Earthquake and Tsunami, several field surveys were conducted 
onshore and offshore for understanding influence of the event. With regard to offshore surveys, 
research cruises were carried out immediately after the Tohoku-Oki event, focusing on fault slip, 
bathymetry change, ecosystems, geochemistry and event deposits (e.g. Fujiwara et al., 2011; 
Kawagucchi et al., 2012).  
As a result, offshore surveys revealed that a significant amount of sediment was disturbed 
and transported on the seafloor. For example, disturbance of shallow-marine 
environments (Sakamoto et al., 2013; Seike et al., 2013), turbidity anomaly (Noguchi et al., 
2012), accidental sediments trapped in ocean bottom seismometers (Miura et al., 2014), event 
deposits at 120–5500 m in bathymetry (Ikehara et al., 2011, 2012, 2014), radioactivity variation 
in event deposits (Irino et al., 2012), hadal disturbance in trench axis (Oguri et al., 2013), 
foraminifera assemblage of event deposits (Hasegawa et al., 2012; Toyofuku et al., 2014; Usami 
et al., 2014) and submarine landslides and related phenomena (Kawamura et al., 2012; Strasser 
et al., 2013) were described. These studies suggested that sediment-gravity flow such as 
turbidity currents associated with the Tohoku-Oki events were occurred in the region from the 
shallow marine to the Japan Trench area. However, the triggering mechanism and behavior of 
the sediment-gravity flow associated with the 2011 Tohoku-Oki Earthquake has not revealed 
yet. 
To the end, this study aims to investigate characteristics of the turbidites and turbidity 
currents associated with the 2011 Tohoku-Oki Earthquake and Tsunami from the sensor data, 
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seafloor observations and surface sediment cores on seafloor. Then, this study proposes a 
hypothesis suggesting that the large-scale tsunami can generate turbidity currents in deep sea 
because of the absence of related submarine landslides at a shallow area. This hypothesis was 
verified using numerical models of tsunamis and turbidity currents.  
We anticipate our discovery to be a starting point for more detailed characterization of 
modern tsunami-generated turbidites toward their identification in geologic records. 
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2. Study area 
2.1. Geological and topographic characters of Off-Tohoku seafloor 
Tohoku region is located in Northeast Japan arc-trench systems associated with subduction 
of the Pacific Plate at a high convergence rate of 8.6 cm/year (DeMets et al., 1990; Fig. 1). The 
seafloor topography of the Pacific side off Tohoku region is affected by subduction of the plate, 
and is divided into coastal line, continental shelf, continental slope, deep sea terrace, landward 
trench slope, trench and seaward trench slope from land to sea (Nasu et al., 1980; Fig. 1).  
A typical ria coast is developed at coast from the Oshika Peninsula to Aomori Prefecture, 
and coastal plain spread over south side from Sendai to Fukushima Prefecture. The Kitakami 
River drains into Oppa Bay, the Abukuma, Natori and Naruse Rivers drain into Sendai Bay. 
Width of continental shelf near Iwate and Miyagi Prefectures becomes wider to the south, is 10–
20 km in width off Miyako and Kesennuma (Arita and Kinoshita, 1983, 1984), 60 km in width 
off Sendai Bay (Nakamura, 1990; Fig. 2). The surface sediments in the shelf are divided into 
five groups, modern shoreface sand, modern neritic mud, modern mid-shelf mud, inner-shelf 
gravelly sand and mid- to outer-shelf sand (Saito, 1989). The former three sediments are modern 
and the latter two are palimpsest (Saito, 1989). The mid- to outer-shelf sand is a part of a 
transgressive sand sheet deposited between 14,000 and 6000 yrs B.P., and is relict (Saito, 1989). 
The present storm wave base is about 50–70 m deep and is approximately situated at the 
boundary between the inner shelf and mid to outer shelf sediments (Saito, 1988). Sand ridges 
occur on the outer shelf (120–145 m) off Sendai (Saito, 1989). From continental slope to deep 
sea terrace, submarine canyons and gullies are partly developed (Shimamura, 1989, 2008), 
although they are only distributed at relatively steep slope (Kikuchi, 1985). Submarine canyons 
around off Miyako and Kamaishi are about 100 m in relative height, about 1 km in width, and 
erosional depth reaches to deposits from Middle Miocene to Pliocene (Kikuchi, 1985). These 
canyons are consequent valleys and run straight in direction of tilt of the slope (Kikuchi, 1985). 
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There are a few canyons per 10 km along north and south direction (Kikuchi, 1985). 
Additionally, gullies are distributed off Kamaishi, Kesennuma and the Oshika Peninsula, about 
5–20 m in relative height, 150–200 m in width. On deep sea terrace, fore-arc basins associated 
with the Japan Trench are developed. They are filled with deposits mainly from Miocene to 
Holocene (Honza, 1999). The basins show continuous subsidence due to tectonic erosion (von 
Huene and Lallemand, 1990). This subsidence resulted in deposition of a thick (> 1 km) fore-arc 
sedimentary section since the late Oligocene (von Huene and Lallemand, 1990). Landward 
trench slope can be divided into an upper slope, a mid slope terrace and a lower slope based on 
averaged slope angle (von Huene and Lallemand, 1990; Kawamura et al., 2012). Upper slope is 
characterized by many normal faults of mostly N-S strike (von Huene and Lallemand, 1990; 
Tsuru et al., 2002). Upper and lower slopes include some upward convex parts; particularly 
many large, upward convex, horizontally arcuate topographic features at upper slope suggest 
submarine landsliding of sedimentary rock masses with widths and lengths of several kilometers 
(Kawamura et al., 2012). The Japan Trench, which is associated with subduction of the Pacific 
Plate, shows check-shaped in profile (von Huene and Lallemand, 1990). Water depth of this 
trench exceeds 7400 m off Iwate and Miyagi Prefecture (Geodetic Section, Hydrographic 
Department, 1972). The major trend of the Japan Trench axis is approximately parallel to the 
coast line (Onodera and Honza, 1977). Sedimentation rate around off Sanriku is estimated 5–12 
cm/ky, recently (Saito and Ikehara, 1992; Yamane and Oba, 1999; Motoyama et al., 2004). 
Interplate earthquakes and tsunamis are frequently generated in the Japan Trench 
(Yamanaka and Kikuchi, 2004). Sanriku region has experienced large earthquakes and tsunamis 
repeatedly. For example, it is known that the Tohoku-Oki in 2011, the Showa Sanriku in 1933, 
the Meiji Sanriku in 1896, the Keicho in 1611 and the Jogan in 869 occurred in this region (e.g. 
Goto et al., 2012). These events partly recorded as tsunami deposits including mud to boulder 
sized sediments in geological record (Goto et al., 2012). Terrestrial tsunami deposits provide 
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important information on the magnitude and recurrence intervals of tsunami events (Nanayama 
et al., 2003), suggesting that recurrence interval for large tsunami around Sanriku is 600–1300 
years (Sugawara et al., 2012). 
 
2.2. Research cruise and location of surveyed sites 
Seafloor observation and sediment core sampling for investigating the event deposits 
associated with the Tohoku-Oki Earthquake and Tsunami were conducted in eight research 
cruises: YK11-E04 leg1, YK11-E06 leg2, MR12-E01, MR12-E02 leg3, KT-12-9, NT12-12 
YK12-13 and BO13-20 (Figs. 4–5; Table 1). These cruises took place during June 2011 and 
November 2013 offshore of Iwate and Miyagi prefectures over the range of 37°40'–39°30'N and 
141°40'–144°E, and at water depths of 170–7500 m. 
Seafloor observation and sediment core sampling was conducted in main four transect 
lines: off (a) Kamaishi, (b) the Oshika Peninsula, (c) Sendai Bay and (d) Soma. Seafloor 
topography of each line and location of surveyed sites are described as follows. 
(a) Off Kamaishi line (Figs. 5, 6, 10) 
Submarine canyons and gullies are developed in this line. Width of continental shelf is very 
narrow. Site C01 (500 m in bathymetry) is at valley head of submarine canyon, and Site C02 
(880 m) is at halfway which shows relatively gentle slope in same submarine canyon. Site C18 
(5350 m) is near steep cliff associated with fault displacement, following as an extension of the 
submarine canyons. 
(b) Off the Oshika Peninsula line (Figs. 5, 7, 10) 
Very shallow gullies are distributed in this line at 350–700 m. Width of continental shelf is 
relatively wide. Slope gradient is relatively constant. Site C03 (170 m) is at continental shelf, 
and sites C04 (320 m), C05 (360 m) and C06 (500 m) are at continental slope where shallow 
gullies developed. Sites C07 (560 m), C08 (840 m) and C09 (1110 m) are at continental slope 
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that shows relatively steep slope. Sites C10 (1470 m) and C11 (1470 m) are at deep sea terrace 
that shows relatively gentle slope. Site C19 (3240 m) is at trench slope. 
(c) Off Sendai Bay line (Figs. 5, 8, 10, 11) 
Displacement of an OBP was observed in this line (Arai et al., 2013). Short gullies are 
developed at 350–800 m where shows steep slope in bathymetry. Site C12 (300 m) is at 
continental shelf, sites C13 (1060 m) and C14 (1660 m) are at deep sea terrace. Site C20 (5780 
m) is at trench slope near steep cliff associated with fault displacement. Site C22 (7500 m) is at 
the Japan Trench axis. 
(d) Off Soma line (Figs. 5, 9, 10) 
This line leads to deep sea terrace through edge of submarine canyon from continental 
slope. Site C15 (300 m) is at valley head of canyon of continental slope, and Site C16 (500 m) is 
at edge of canyon, Site C17 (880 m) is at deep sea terrace. And Site C21 (3580 m) is in valley 
associated with fault displacement at trench slope. 
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3. Methodology 
Characteristics of the sedimentological events on seafloor associated with Tohoku-Oki 
Earthquake and Tsunami were investigated using the sensor data, seafloor observation and 
surface sediments.  
 
3.1. Processing procedures of data recorded in the sensors 
Dense networks of sensors, such as ocean bottom pressure recorders (OBPs) and ocean 
bottom seismometers (OBSs) off Miyagi for detecting seafloor movement and monitoring the 
seismicity due to interplate slip events have been operated by Tohoku University since before 
the 2011 Tohoku-Oki Earthquake (Hino et al., 2009; Suzuki et al., 2012). Fig. 3 shows the 
distribution of 8 OBPs and 19 OBSs off Miyagi. 
The OBPs are of the free-fall/pop-up type, 0.6-m long, 0.6-m wide, and 0.5-m high and 
have a submerged weight of 41.6 kg with grid-like anchors. The OBPs measure the water 
pressure and water temperature at the seafloor every second using Digiquartz pressure sensors 
(Paroscientific, Inc). The raw water pressure data recorded by OBPs were de-tided by 
subtracting modeled ocean tide variations estimated by NAO.99Jb (Matsumoto et al., 2000). To 
understand the detailed processes during the eastward drifting of OBP-P03, short period 
fluctuations of water pressure records were investigated. To remove long period and large 
amplitude variation due to downslope transport of OBP-P03, moving-averaged data (window 
length 59 s) were subtracted from the de-tided water pressure data. The residual fluctuations of 
water pressure data are shown in Fig. 14B. Note that OBP temperature records cannot follow the 
rapid temperature change of the surrounding water because the temperature sensor is a built-in 
sensor to compensate for thermal effects on the quartz-crystal pressure transducer (Yilmaz et al., 
2004). Therefore, the actual water temperature may have increased and decreased much more 
rapidly than observed temperature variation (Schaad, personal communication). 
 9 
 
The OBSs are of the free-fall/pop-up type, ~0.5-m long, 0.5-m wide, and 0.5-m high and 
have a submerged weight of ~28 kg with square anchors. The OBSs measure ground velocity at 
rate of 100 or 128 samples per second using short-period (1 or 4.5 Hz) three-component 
geophones. In this study, only the vertical component of the ground velocity data was used. A 
band-pass filter (2–8 Hz) was applied to the vertical component records. The 128-Hz sampled 
data were resampled to 100 Hz. This data was offered by Prof. Ryota Hino (Tohoku University), 
Dr. Yoshihiro Ito (Kyoto University) and Dr. Daisuke Inazu (The University of Tokyo). 
 
3.2. Seafloor observation 
Seafloor observation was conducted by Deeptow, Human Operated Vehicle (HOV) 
Shinkai6500, Remotely Operated Vehicle (ROV) Hyper-Dolphin (Fig. 12A, B, C) at three sites 
(shallow areas, 500–1000 m in bathymetry) and seven sites (trench slope, 3000–6000 m) after 
the earthquake (Fig. 4; Table 2). Characteristics of the seafloor such as surface sediments and 
bedforms were investigated from movies and photographs taken during each dive by camera 
systems of the vehicles and vessels.  
In addition, movies and photographs of seafloor and the sensors taken when sensors were 
recovered by ROV HAKUYO300 and KAIKO7000II were used for this research. These data 
were offered by Prof. Ryota Hino (Tohoku University), Dr. Yoshihiro Ito (Kyoto University) and 
Dr. Takafumi Kasaya (JAMSTEC). 
  
3.3. Sampling method of surface sediments 
Surface sediments were sampled using dredge and corers over range of water depth 170–
7550 m off Miyagi and Iwate Prefecture after the earthquake (Figs. 3–5; Tables 2–4). Dredge 
sampling was conducted by Deeptow system with R/V Yokosuka during YK11-E04 leg1 and 
YK11-E06 leg2. Dredge was mounted in Deeptow system. When Deeptow reached sampling 
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location, it released and towed dredge on seafloor to collect surface sediments (Fig. 12A, F). 
Corer sampling was conducted by HOV Shinkai6500 with R/V Yokosuka (YK11-E06 leg2, 
YK12-13), R/V Mirai (MR12-E01, MR12-E02 leg3), R/V Tansei-maru (KT-12-9), and R/V 
Bosei-maru (BO13-20) (Table 4). Short cores (up to 60 cm in length) were collected by push 
corer and multiple corer (74 and 82 mm in diameter) without disturbance of surface sediments 
(Fig. 12D, G). Long cores (1–10 m in length) were collected by pilot and piston corer (74 mm in 
diameter) (Fig. 12E) although these long corer makes surface sediment of core sample (below 
10 cm at least) scattered and disturbed. Additionally, the sediments trapped in OBSs, OBPs and 
OBEM which were located on seafloor during the earthquake, were collected. The sediment 
samples trapped in sensors were offered by Dr. Ryo Miura (NME), Dr. Yoshihiro Ito (Kyoto 
University) and Dr. Takafumi Kasaya (JAMSTEC). The core samples of BO13-20 were offered 
by Dr. Hidetaka Nomaki (JAMSTEC). 
 
3.4. Core analysis 
Characteristics of the surface sediments were investigated by multi-sensor core logger 
(MSCL), X-ray CT images, visual core description, core color reference (CCR), grain size 
analysis, radioisotope and tephra measurements. 
 
3.4.1. MSCL measurements 
Physical properties of sediment cores were measured by a GEOTEK multi-sensor core 
logger (MSCL) in R/V Mirai and the Center for Advanced Marine Core Research, Kochi 
University. MSCL has three sensors, which are gamma-ray attenuation, P-wave velocity, and 
magnetic susceptibility (Bartington loop sensor, 100 mm in diameter). Measurements on every 1 
or 2 cm on whole round sections of cores collected by MR12-E01, MR12-E02 leg3 and KT-12-
9 were carried out after leaving them out to warm up to room temperature. 
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3.4.2. X-ray CT 
The X-ray CT scanning was performed on HITACHI X-ray CT unit (RADIX-PRATICO, 
FR version) in the Center for Advanced Marine Core Research, Kochi University. The scanning 
was conducted under scanogram and helical scan (100 mA, 120 kV) mode. Reconstructed 
images are 512 × 512 pixels (about 81 dpi) and vertical resolution was 1 mm. After scanning, 
vertical reslice images of sediment cores were produced from using helical scan images by X-
ray CT image analysis software (OsiriX, http://www.osirix-viewer.com/index.html).  
Mean and standard deviation of CT values was calculated using the helical scan images. 
The coefficient of variance (CV) of CT values, which is a dimensionless of standard deviation, 
is defined the value is dividing the standard deviation by the mean. CT values are standardized 
water 0HU, air -1000HU to be. 
 
3.4.3. Visual core description 
The sediment cores were longitudinally cut into working and archive halves by a gut and a 
stainless wire. Sedimentary structures in split cores were described by naked eye observation. 
After description, the photo images of archive halves were taken by a digital camera. 
 
3.4.4. CCR measurements 
Core color reference (CCR) was measured by the Konica Minolta (CM-700d) reference 
photo spectrometer using 400 to 700 nm in wavelengths. The color of the split sediment 
(Archive half core) was measured on every 2-cm through crystal clear polyethylene wrap (Cf. 
Nomaki et al., 2012). Zero calibration (air) and white calibration (the white calibration piece of 
this spectrometer) of this spectrometer were carried out. 
The L*a*b* system, referred to as the CIE (Commision International d’Eclairage), can be 
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visualized as a cylindrical coordinate system in which the axis of the cylinder is the lightness 
variable L*, ranging from 0% to 100%, and the radii are the chromaticity variables a* and b* 
(Nomaki et al., 2012). Variable a* is the green (negative) to red (positive) axis, and variable b* 
is the blue (negative) to yellow (positive) axis (Nomaki et al., 2012). 
 
3.4.5. Grain-size analysis 
Characteristics and spatio-temporal variation in grain-size distribution of sediments were 
determined by grain-size analysis using a laser diffraction and scattering particle-size analyzer 
(Mastersizer 2000 laser granulometer, Malvern Instruments) in the Center for Advanced Marine 
Core Research, Kochi University. Hexametaphosphoric acid sodium salt was used as dispersant 
and ultrasonic bath was used for 5 min to scatter fine sediments (Sperazza et al., 2004). 
Measured values of grain diameter were converted to the phi scale. Mean grain-size (M) and 
sorting coefficient (σ) were calculated on the basis of the moment method (Folk, 1966; 
Harrington, 1968) as follows: 
100
pd
M 
  (1) 
 
2
100
p d M



  (2) 
where d is a representative value of each grain-size class (in increments of ~0.167 phi) and p is 
volume fraction (in percent). The coefficient of variance of grain-size distribution (CV), which 
is a dimensionless of sorting, is defined as follows: 
CV
M

  (3) 
The sand content is volume fraction of sand (> 4 phi, 63 μm) in grain-size distributions (vol%). 
The mud content is volume fraction of mud (< 4 phi, 63 μm) in grain-size distributions (vol%). 
D10, D90 is the 10th and 90th percentile grain-size values respectively. D50 is the median grain- 
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size. The maximum grain-size (Dmax) is maximum grain-size class (phi) in grain-size 
distributions.  
To illustrate the patio-temporal variation of grain-size distribution curves, the “grain-size 
segregation curve” is employed herein (Akiyama et al., 2007). The grain-size segregation curves 
indicate the results of comparison between two different grain-size distribution curves. Here, Di 
is a representative grain diameter of the i-th grain-size class in phi scale, and  iF D  is the 
volume percentage of sediment in the i-th class grain-size fraction. The grain-size segregation 
curve  21 iS D  of two grain-size distributions  1 iF D  and  2 iF D  (where F2 is farther offshore 
than F1) is defined as follows. 
 
 
 
2
21 10
1
log
i
i
i
F D
S D
F D
 
   
 
 (4) 
Thus, if volume percentage of the grain-size distribution  1 iF D  is larger than that of  2 iF D , 
the value of grain-size segregation curve  21 iS D  becomes negative. In contrast, if  1 iF D  is 
smaller than  2 iF D ,  21 iS D  becomes positive. It should be noted that  21 iS D  is not defined at 
the grain-size class where  1 iF D  or  2 iF D  is zero. 
 
3.4.6. Radioisotope measurements 
High resolution radioactive dating of event deposits and sedimentation rate were 
determined by radioisotope measurement of 134Cs, 137Cs, 210Pb and 214Pb. Sediment core sample 
with a length of 0.5 or 1.0 cm were dried, grinded to fine particles and measured using low 
background Ge detector, GEM-FX5825P4, ORTEC (Graduate School of Environmental 
Science, Hokkaido University) and GWL-120-15, Princeton Gamma Tech (the Center for 
Advanced Marine Core Research, Kochi University). Each measurement takes 14-111 hrs. 
Gamma-ray spectrum data were obtained using MCA7600 (SEIKO EG&G Co., Ltd.) and 
system8000 (Princeton Gamma Tech), respectively. Then, measured values of radioactivity of 
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134Cs, 137Cs, 210Pb and 214Pb at each measurement day were corrected to the value at August 1, 
2011, because the values of radioactivity reduce during measurements of all samples due to a 
short half-life of the isotope. Values of excess 210Pb were calculated subtracting 214Pb from the 
total 210Pb assuming secular equilibrium of uranium decay series in the sediments. This data 
were offered by Dr. Tomohisa Irino (Hokkaido University) and Dr. Yu Saitoh (Kochi 
University). 
210Pb, 134Cs and 137Cs have half-lives of 22.3, 2.06 and 30.1 years, respectively. 210Pb and 
137Cs have been used to estimate sedimentation rate for about 100 years (e.g., Kanai et al., 
1995). Radioactive Cs released from Fukushima Daiichi Nuclear Power Station has been used 
to constrain timing of deposition at the shallow marine area (e.g., Irino et al., 2012; Ikehara et 
al., 2014). Cs isotopes are useful because major releases of radioactive Cs occurred between the 
14 (night) and 15 March (morning), 2011 (Ikehara et al., 2014).  
 
3.4.7. Tephra analysis 
8 tephra samples were picked up from long cores. The bulk grain composition, heavy 
mineral composition, and morphotype of the volcanic grass shards of the samples were 
determined under the microscope. The refractive index of each volcanic glass shard was 
measured. This data were offered by Dr. Yasufumi Satoguchi (Lake Biwa Museum). 
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4. The Tohoku-Oki Earthquake, Tsunami and anomalous event at seafloor 
The 2011 Tohoku-Oki Earthquake occurred at 5:46 UTC on March 11, 2011, with large-
scale tsunamis. The sensors recorded anomalous events occurred on the seafloor off Tohoku 
region at 3 hours after the main shock of the Tohoku-Oki Earthquake (Hino et al., 2012; Arai et 
al., 2013; Miura et al., 2014). In this section, anomalous events on the seafloor such as 
displacement of the sensor, anomaly of sensor data, new sediments trapped in the sensors are 
described. These sensor data were offered by Prof. Ryota Hino, Dr. Yoshihiro Ito and Dr. 
Daisuke Inazu. The sediment samples trapped in sensors were offered by Dr. Ryo Miura, Dr. 
Yoshihiro Ito and Dr. Takafumi Kasaya. Detailed descriptions and analysis of this offered data 
and samples were carried out by this study. 
 
4.1. Displacement of an OBP 
One of the OBPs and OBSs set on the seafloor, i.e., OBP-P03, was displaced by 1 km after 
the 2011 Tohoku-Oki Earthquake and tsunami. It was recovered ~1 km east of the installed 
position of 38.183°N, 142.400°E, lying on the seabed at the position 38.1819°N, 142.4132°E 
(Figs. 3 and 13; Table 3). Moreover, the OBP-P03 recorded water pressure that increased 
abruptly from 105,845 hPa to 107,389 hPa (Fig. 14), marking the onset of an event that was ~3 
h after the main shock occurrence (8:57 UTC). This pressure change began with a small drop, 
subsequent to which water pressure increased continuously for ~50 min. Furthermore, high-
frequency and low-amplitude fluctuations (6–10 s in period and 10–100 hPa in amplitude) were 
found to be superimposed on the trend of increasing pressure recorded at OBP-P03. The water 
pressure became constant from 9:47 UTC. The observed increase (1410 hPa) is equivalent to a 
vertical displacement of 14 m and is too large to be interpreted as static seafloor displacement 
resulting from the earthquake (Ito et al., 2011; Sato et al., 2011). This pressure change is 
interpreted to have been caused by downslope transport of the instrument, because the water 
 16 
 
depth of the location of the OBP recovery is ~14 m deeper than the installed position. Thus 
OBP-P03 was transported ~1 km east over ~50 min, starting at ~3 h after the main shock. 
 
4.2. Temperature anomaly and anomalous ground motion 
Associated with the displacement of the OBP, both a temperature anomaly and an 
anomalous high-frequency ground motion were recorded by OBP-P03 and OBS-S03 (Fig. 14). 
In the record of OBP-P03, the temperature anomaly occurred at 8:57 UTC, coinciding with the 
abrupt increase in water pressure. The seawater temperature increased ~0.19 °C for 90 min, and 
remained at this temperature for 50 min. Temperature then gradually decreased for ~180 min. 
An anomalous ground motion was recorded by OBS-S03, which was located close to OBP-P03 
(Fig. 3). No large aftershocks were recorded in any other of the OBSs deployed off Miyagi at 
the time. Hence, this increase of ground motion amplitude is likely not associated with 
aftershock activity. A burst-like increase of ground motion started at 8:54 UTC and continued 
for 70 min at least. 
 
4.3. New sediment on the seafloor and in the sensors after earthquake 
After the Tohoku-Oki event, surface sediment deposited on a wide area of seafloor off the 
Tohoku coastal region were examined by vessels and vehicles surveys, using movies, 
photographs and sediments that infilled the sensors (OBSs, OBPs and OBEM).  
The soft sediment layers were discovered at all surveyed sites, and bedforms and current 
marks such as ripple marks were also observed on the seafloor at 3 sites (Fig. 15a-d). Current 
mark indicates depositional and erosional structures due to flows and bedform indicates 
depositional structures due to flows. Bacterial mats associated with dense and corrupt organisms 
and accumulated sediments with garbage and gravels were shown (Fig. 15e, f; Tsuji et al., 
2013). In comparison with previous survey, soft sediment layers covered on seafloor in 2011 
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(Fig. 15g). Movies taken by ROV indicated that the OBPs and OBEM were partially covered in 
sediment (Fig. 13B). The sediment covering the antecedent bed was estimated to be ~6.5–15 
cm, 30–40 cm in thickness on the basis of the ROV observations at 1000–1500, 5500 m in 
bathymetry, respectively. Two OBSs were not recovered even now; it is likely that these sensors 
were buried with a lot of sediments. 
In addition, the antennas of and cavities inside the OBSs, OBPs and OBEM, which were 
recovered 3 days to 19 months after the main shock, were filled with greenish dark-gray 
sediments (Fig. 16). Intrusion of sediments into sensors had never been reported prior to the 
Tohoku-Oki Earthquake (Fig. 16; Miura et al., 2014). 
The grain size of the cover sediments ranged from fine-grained sand to silt (2.3–6.1 phi in 
mean grain-size) (Fig. 17; Table 5). The sand fraction is distributed mainly on the upper part of 
the continental slope (300–700 m in depth) where large submarine canyons or slump scars are 
not recognizable (Figs. 17 and 19; Table 5), with the sediments becoming gradually finer 
offshore on the continental slope from 300 to 1100 m in depth. In deeper water, they show 
coarsening slightly toward the fringe of the downslope basin (1100–1400 m deep).  
The sediments that filled the OBSs off Sendai Bay are composed of particles with a wide 
range of grain size, 0–10 phi. Also, in comparison with grain-size distributions of the sediments, 
coarse-grained fraction of sediments can be seen to have changed notably (Fig. 18). 
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5. Characteristics of event deposits from shallow marine to the Japan Trench 
Event deposits were obviously observed at 14 sites in 21 sites that collected sediment cores 
over range of water depth 170–7550 m, 37.9–39.2°N off Iwate and Miyagi Prefecture. Event 
deposits with high water contents were observed at the tops of core samples. In this section, 
characteristics of event deposits such as sedimentary facies, thickness distribution and grain size 
is described. The core samples of BO13-20 were offered by Dr. Hidetaka Nomaki. The core 
analysis data of radioisotope and tephra were offered by Dr. Tomohisa Irino, Dr. Yu Saitoh and 
Dr. Yasufumi Satoguchi. 
 
5.1. Facies of surface sediments 
Surface sediment cores were collected at 21 sites off Tohoku after the earthquake. Six 
sedimentary facies are recognized from these cores on the basis of lithology, grain size, 
sedimentary structures and radioactive element profiles (Figs. 20–27). The differences in the 
characteristics features of each facies are considered to reflect variation in depositional 
processes and timing of deposition. 
 
5.2. Facies A-E 
5.2.1. Facies A: Turbidite after FDND 
Description Facies A consists of well-sorted fine-grained sand to silt, and is normally graded. 
The beds are 1–3 cm in thickness, which are thinner than other facies. The base of the bed is 
sharp. This facies is less bioturbated than other facies. This facies is distributed at top of the 
cores. The beds include relatively large amount of excess 210Pb. 134Cs and 137Cs are detected 
from the bottom of the beds or below the beds. 
 
Interpretation This facies is interpreted as a turbidite after Fukushima Daiichi nuclear disaster 
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(hereafter FDND). Graded bedding is one of typical features of turbidites (Middleton and 
Hampton, 1976; Piper and Deptuck, 1997). Sharp basal contact implies that this facies was 
deposited from initially erosional flow. This facies corresponds to Bouma’s Ta, Te division 
(Bouma, 1962) or Stow and Shanmugam’s T6 division (Stow and Shanumgam, 1980). The Cs 
profile indicates that this facies were deposited after FDND, formed by turbidity currents 
generated by the event such as aftershocks or typhoons. 
 
5.2.2. Facies B: Turbidite after the earthquake and before FDND 
Description Facies B consists of well-sorted very fine-grained sand to silt, and is normally 
graded and shows occasionally parallel lamination. This facies is 4–10 cm in thickness. The 
base of the beds is relatively sharp, and slightly bioturbated. This bed is less bioturbated than 
Facies D, but heavier than facies A. This facies is only distributed below facies A at the sites, 
deeper than 800 m. The beds include relatively large amount of excess 210Pb. 134Cs and 137Cs are 
not detected or detected from the uppermost part of the bed. 
 
Interpretation This facies is interpreted as a turbidite after the earthquake and before FDND. 
Graded bedding is one of typical features of turbidite (Middleton and Hampton, 1976; Piper and 
Deptuck, 1997). Sharp basal contact implies that this facies was deposited from initially 
erosional flow. This facies corresponds to Bouma’s Ta, Tb, Td, Te division (Bouma, 1962) or 
Stow and Shanmugam’s T3–T6 division (Stow and Shanumgam, 1980). The Cs profile indicates 
that this facies was deposited before FDND, formed by turbidity currents generated by the event 
such as mainshock or tsunami (Arai et al., 2013). Detected Cs at upper part of the bed is inferred 
to be contaminated from upper bed by bioturbation after deposition or settling with fine particle 
from the atmosphere through sea water. 
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5.2.3. Facies Ca: Event deposit (turbidite?) after FDND 
Description Facies Ca consists of poorly sorted fine-grained sand to sandy silt, and is 
structureless or occasionally shows inverse grading. This facies is 3–4 cm in thickness. The base 
of the facies is relatively sharp, and bioturbated. This facies is less bioturbated than Facies D, 
but heavier than facies A and B. This facies is distributed below facies A at the sites, shallower 
than 500 m. The beds include relatively large amount of excess 210Pb. 134Cs and 137Cs are 
detected from the bottom of the bed. 
 
Interpretation This facies is interpreted as event deposits such as turbidites deposited after 
FDND. Sharp basal contact implies that this facies was deposited from initially erosional flow. 
Inverse graded bedding may develop in sediment-gravity-flow deposits such as turbidites 
(Lowe, 1982; Kneller and Branney, 1995), debrites (Shanmugam, 2000), and grain flow 
deposits (Dasgupta and Manna, 2011). However, it is unlikely that this facies is deposited from 
a debris flow because the bed geometry is continuous (Fig. 27; Amy et al., 2005). The Cs profile 
indicates this facies was deposited after FDND, formed by the event such as aftershocks or 
typhoons after FDND. 
 
5.2.4. Facies Cb: Event deposit (turbidite) after the earthquake and before FDND 
Description Facies Cb consists of poorly sorted fine-grained sand to sandy silt, and shows 
inverse grading and faint parallel lamination. The bed is 4 cm in thickness. The base of the beds 
is relatively sharp. This facies is less bioturbated than Facies D, but heavier than facies A and B. 
This facies is distributed below facies A at Site C15. The beds include relatively large amount of 
excess 210Pb. 134Cs and 137Cs are detected from the upper part of the bed. 
 
Interpretation This facies is interpreted as event deposit (turbidite) after the earthquake and 
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before FDND. Sharp basal contact implies that this facies was deposited from initially erosional 
flow. Inverse graded bedding may develop in turbidites deposited from waxing turbidity 
currents (Kneller and Branney, 1995). Inverse-graded bedding can be produced also by debris 
flows (e.g., Shanmugam, 2000); however, it is unlikely that this facies is deposited from a debris 
flow because faint parallel lamination is observed. The Cs profile indicates that this facies was 
deposited before FDND, formed by the event such as main shock and tsunami. Detected Cs at 
upper part of the bed is inferred to be contaminated from upper bed by bioturbation after 
deposition or settling from the atmosphere through sea water with fine particle. 
 
5.2.5. Facies D: Amalgamated turbidite after the earthquake 
Description Facies D consists of well-sorted sandy silt to clayey silt, and is normally graded. 
This facies is 3–20 cm in thickness. Color of this facies is redder than that of the lower sediment 
(facies E) (Figs. 25, 26). This facies is bioturbated very weakly, and mainly form amalgamated 
beds (2–8 beds). The beds show fining upward trend though the overall of the amalgamated 
beds. The base of the facies is generally sharp. In this facies, erosional surfaces are sometimes 
observed inside. The sediment at the top of this facies is composed of ooze, containing a lot of 
biogenic grains such as diatoms and sponge spicules. This facies is only distributed at C22, the 
Japan Trench axis. 
 
Interpretation This facies is interpreted as a turbidite after the earthquake. Graded bedding is 
one of typical features of turbidite (Middleton and Hampton, 1976; Piper and Deptuck, 1997). 
Sharp basal contact implies that this facies was deposited from initially erosional flow. This 
facies corresponds to Stow and Shanmugam’s T6 division (Stow and Shanumgam, 1980), 
Piper’s E3 division (Piper and Stow, 1991). Redder color indicates the facies consists of 
oxidized sediment on surface seafloor (Cowie et al., 1995). Amalgamated beds indicate that 
 22 
 
several turbidity currents occurred or a result of confluences of a turbidity current in the Japan 
Trench (Gutiérrez-Pastor et al., 2013).  
 
5.2.6. Facies E: Deposit before the earthquake 
Description This facies E consists of heavily bioturbated fine-grained sand to sandy silt. 
Sediments in this facies are poorly sorted, and occasionally include granules and pumices. Basal 
surface of beds is gradual. Faint parallel lamination is sometimes observed. This facies occurs 
from intervals lower than the horizon 7 cm-below-seafloor (hereafter cm-bsf) at least. Low 
excess 210Pb is detected only at the upper part of the bed. 
 
Interpretation This facies is interpreted as a deposit before the earthquake. Bioturbation is more 
intense than other facies, suggesting that this facies was formed at relatively longer time period. 
Low excess 210Pb indicates that this facies was not recently deposited. 
 
5.3. Distribution and thickness of event deposits 
Event deposits were obviously observed at 14 sites of 21 sites where surface sediments 
were collected off Iwate and Miyagi Prefecture. These deposits were silty sand–clayey silt sized, 
mainly normally graded and less bioturbated than the lower historical layers (Fig. 27). The base 
of these deposits is mainly sharp.  
Five types of event deposits (Facies A, B, Ca, Cb, D) were recognized. Characteristic of 
these deposits shows sediment-gravity-flow deposits such as turbidites. Facies A (turbidites after 
FDND) was distributed at 170–1650 m. Facies B (turbidites between the earthquake and 
FDND) was distributed at 800–1650 m. Facies Ca & Cb (sediment gravity flow deposits, 
turbidite?) were distributed at 300–500 m. Facies D (amalgamated turbidites after the 
earthquake) was distributed at 7500 m. 
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Event deposits are 1–20 cm in thickness, amalgamated beds is up to 57 cm in thickness at 
trench. Total thickness of event deposits ranges from 1 to 9.5 cm at sites where are shallower 
than 1800 m in bathymetry, from a few mm to about ten cm at trench slope, several tens cm at 
trench (Fig. 28). The number of these deposits range from 1 to 8 layers at each site. As water 
depth of sites deepens, event deposits thicken and the number of layers increases. 
Event deposits in each line at a shallow area (up to 1800 m in bathymetry) are descried 
below.  
 (a) line 
In this transect, three layers of the event deposits (totally 7cm in thickness) were observed 
in maximum. Three layers (totally 7 cm) were observed in Site C01, and 1 layer (1 cm) was 
observed in Site C02. Radioisotope measurements suggest that all of these event deposits in (a) 
line were formed after FDND (Facies A & Ca). Low values of excess 210Pb (less than 20 Bq/kg) 
of sediments (Facies E) below the event deposit in Site C01 indicates that surface sediments 
were eroded prior to be the deposition of event layers. Therefore, the event deposits during the 
earthquake and FDND are likely to be eroded by subsequent flows. 
(b) line 
In this transect, three layers of the event deposits (totally 9 cm in thickness) were observed 
in maximum. One layer (1–1.5 cm in thickness) was observed in Sites C03–06. Also, three 
layers (9 cm in total) were observed at Site C07. Two layers (5.5, 8 and 9.5 cm in thickness) 
were observed in Sites C08, 09 and 11, relatively. The lower boundaries of the event deposits in 
Sites C03–C06 are not clear due to bioturbation. Leaf was included at 5 cm-bsf of Site C04. 
Brittle stars were buried at 9 cm-bsf of Site C07. On the basis of the result of radioisotope 
measurements, the event layers can be subdivided into the lower and upper parts. The lower part 
of the event deposits (Facies B & Cb) ranges from 4 to 8 cm in thickness, and was formed in the 
period between the earthquake and FDND. The upper part of the event deposits (Facies A & Ca) 
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is 1–3.5 cm in thickness, and was formed after FDND. 
(c) line 
In this transect, three layers of the event deposits (totally 8 cm in thickness) were observed 
in maximum. One layer (1 cm in thickness) was observed in Sites C12. Also, two layers (3 cm 
in total) were observed at Site C13. Three layers (8 cm in thickness) were observed in Sites 
C14. The lower boundary of the event deposits in Site C12 is not clear due to bioturbation. On 
the basis of the result of radioisotope measurements, the event layers can be subdivided into the 
lower and upper parts. The lower part of the event deposits (Facies B) ranges from 2.5 to 6.5 cm 
in thickness, and was formed in the period between the earthquake and FDND. The upper part 
of the event deposits (Facies A) is 1–1.5 cm in thickness, and was formed after FDND. 
(d) line 
In this transect, two layers of the event deposits were observed in maximum. Two layers (5 
cm in total thickness) were observed in Sites C15 and C16, and one layer (4 cm in thickness) 
was observed at Site C17. Abundant burrows occur in the event deposits of Sites C15 and C16. 
In particular the event deposits of Site C16 were heavily bioturbated. As a result, the base of the 
event deposits of Site C16 was disturbed and therefore the boundary of event deposits cannot be 
recognized obviously. One the basis of the result of radioisotope measurements, the event layers 
can be subdivided into the lower and upper parts. The lower parts of the event deposits (Facies 
B & Cb) are about 4 cm in thickness, and were formed in the period between the earthquake and 
FDND. The upper part of the event deposits (Facies A) is 1 cm in thickness, and was formed 
FDND. 
At the trench slope, thickness of event deposits is locally different due to local topography 
associated with faults with a range of a few hundreds m–1 km. Thickness of that ranges from a 
few cm to 15 cm in thickness in depositional setting and from 0 to a few mm in other setting.  
Number of these deposits range from 1 to 3 layers at each site (Figs. 21-24). 
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At trench axis, thickness and number of event deposits is locally different due to local 
topography with a range of a few km. Thickness of event deposits ranges from 21 to 57 cm. 
number of layers range from 2 to 8 layers (Figs. 25, 26).  
  
5.4. Grain-size distribution of event deposits in multiple cores 
The grain size of event deposits in multiple cores ranges from fine sand to silt (2.8–6.2 phi 
in mean grain-size) (Fig. 29). The event deposits fine offshore from 300 to 1300 m in 
bathymetry gradually. Also, coarse-grained fraction of sediments can be seen to have changed 
notably as same as the sediments of sensors. 
In comparison with turbidites (Facies A & B) and historical layers (Facies E) at deep sea 
terrace, turbidites are finer and better sorted than historical layers (Fig. 30). On the other hand, 
at trench slope and submarine canyon, event deposits (Facies A, B, C) are coarser and less 
sorted than historical layers (Facies E).  
In particular off Kinkasan, the mean grain size of event deposits was almost same as that of 
historical layers at sites that is shallower than 500 m in bathymetry. The mean grain size of 
event deposits becomes fine to offshore gradually at sites deeper than 600 m in bathymetry (Fig. 
29). The mud content of event deposits was slightly less than that of historical layers at sites 
shallower than 500 m in bathymetry, and gradually increases offshore at sites deeper than 800 m 
in bathymetry. Maximum grain size of event deposits was almost same as or slightly finer than 
that of historical layers. 
 
5.5. Preservation of event deposits 
Seafloor observations and sediment core sampling were conducted at shallow areas (8 sites, 
March 2012 and November 2013), trench slope (3 sites, August 2011 and August 2012) to 
investigate preservation of event deposits.  
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On the basis of seafloor observations, the quadrat was buried with the sediments 1 year 
after the setting in August 2011 at site C21 that is on trench slope (Fig. 15h). The sediment 
covering the antecedent bed during 1 year was estimated to be a few cm in thickness on the 
basis of this observation (Fig. 15h).  
In sediment cores, new sediment layers (a few cm in thickness) were observed at Sites C18, 
19, 21 (Figs. 21, 22, 24). At a shallow area, sedimentation of new deposits was observed at Site 
C02, C16, and erosion of the event deposits was observed at Site C08 in comparison with 
sediment cores sampling in March 2012 and November 2013 (Fig. 31). Also, bioturbation of 
event deposits became more intense. 
Ancient event deposits were observed in long cores sampled at a deep-sea terrace and a 
trench axis. Ancient event deposits at a deep sea terrace (1050–1650 m in bathymetry) were 
very fine sand–clayey silt sized, mostly normally graded, and occasionally inversely graded. 
These deposits show relatively intense bioturbation and often amalgamated each other (Figs. 32, 
33). The discrete ancient event deposits were 5–30 cm in thickness, and amalgamated beds are 
about 50 cm thick in maximum. The basal surfaces of these deposits are generally sharp. On the 
other hand, ancient event deposits at trench axis (7500 m in bathymetry) were sandy silt–silty 
clay sized, and normally graded. These deposits were bioturbated and often amalgamated (Fig. 
34). The discrete ancient event deposits were 3–40 cm in thickness, amalgamated beds are about 
200 cm thick in maximum. The basal surfaces of these deposits are generally sharp. Calcareous 
microfossils such as foraminifera and coccoliths were included in some event deposits at the 
trench axis that is deeper than CCD (McCarthy et al., 2004). 
Some event deposits in long cores were correlated at forearc basins and trench axis, 
respectively (Fig. 32, 33). Lithology and magnetic susceptibility data of the long core at Site 
C10 was similar to that of the core at Site C14, about 50 km away from Site C10 in forearc 
basins (Fig. 32). It is likely that the flow events occurred over the Sites C10 and C14.  
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Additionally, same trend of lithology and CCR data of the cores at C22 (around 10 km) were 
shown (Fig. 33). Because of high sedimentation rate and weakly bioturbation at forearc basins 
and trench axis, it is easy to preserve event deposits in geologic records. 
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6. Estimation of flow condition of the turbidity current associated with the Tohoku-Oki 
Earthquake 
The OBP displacement described above was caused by a flow associated with the Tohoku-
Oki Earthquake and Tsunami (Arai et al., 2013). Here the conditions of the flow are estimated 
on the basis of data of the OBP 
 
6.1. Critical velocity for transporting OBP 
Minimum flow velocity of the turbidity current is estimated on the basis on critical flow 
velocity of the OBP. In this case, the OBP is assumed to be a boulder-sized spherical clast. Thus 
the OBP can be displaced when the drag force FD exceeds the maximum frictional force Fμm at 
the bottom. 
Drag force FD is given (Bradley and Mears, 1980) 
2
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 (5) 
where CD is the drag coefficient, An is the area of the particle projected normal to the flow, ρf is 
mass of unit volume of the sea water and uf is flow velocity. 
The normal frictional force Fμ is given (Kabardin, 1990) 
F mg   (6) 
where μ is the coefficient of friction; m is the mass of the partly submerged boulder (in this case, 
the OBP); and g is the acceleration due to gravity. 
Balancing equations (5) and (6), the flow velocity required for moving boulders (OBP) is 
defined as follows (Paris et al., 2010): 
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where CD = 0.4 (Parker, 2005), An = 0.2670 m
2 (the smallest area of the OBP), ρf = 1024 kg/m
3, 
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μ = 0.7 (Noormets et al., 2004), m = 41.6 kg, and g = 9.81 m/s2. The minimum flow velocity 
required to move the OBP is estimated to be 2.3 m/s. 
 
6.2. Averaged velocity and flow condition at the current head  
The averaged head velocity hU  is estimated, under the assumption that the turbidity current 
arrived at OBP-P03 position over a period of t sec. from a distance of L m.  
h
L
U
t
   (8) 
The distance L up to the final OBP-P03 position is ~77 km from a depth of 100 m, and ~26 km 
from a depth of 450 m in depth. It is assumed that the turbidity current traveled these distances 
for 2.5–3 h to reach the final OBP-P03 position. Hence, the averaged head velocity is estimated 
to be 8.6 m/s and 2.4 m/s from depths of 100 and 450 m, respectively. 
The characteristics of the turbidity current such as flow thickness and concentration are 
estimated using the estimated averaged head velocity. It is known empirically that the 
densimetric Froude number Frd of the current head is constant at 1.2 regardless of slope 
gradients (Huppert and Simpson, 1980). Densimetric Froude number at the current head Frdh is 
given by: 
1 2hdh
h h
U
Fr .
RgC h
   (9) 
where Uh is the layer-averaged head velocity of turbidity current; Ch is the layer-averaged 
concentration of suspended sediment at the current head; and hh is the thickness of the head; R is 
the submerged specific gravity of sediment (=1.65). 
Equation (9) is transposed to obtain the following: 
2
2
h
h h
dh
U
C h
Fr Rg
  (10) 
Substituting the estimated averaged head velocity hU  in Equation (10) yields flow 
concentration and thickness. 
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Substituting the estimated averaged head velocity (8.6 m/s and 2.4 m/s) in Equation (10) 
yields = 3.2 and 0.25, respectively. Thus, the sediment concentration at current head Ch is 
estimated to have been 0.2–9.0 vol% when the thickness of head of the turbidity current hh was 
3–150 m. 
 
6.3. Flow condition at the current body  
The condition at the current body is estimated by the method of Sequeiros (2012) that 
assumes the body of the turbidity current was nearly quasi-steady condition. The method is 
based on the predictive equation (11) that returns the densimetric Froude number Frd of the 
current body as a function of the average bed slope, the combined friction factor, and the ratio 
between the settling velocity of the suspended sediment and the shear velocity of the current 
(Sequeiros, 2012) 
   
1.1
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 (11) 
where S is the average bed slope, ws is the fall velocity of characteristic grain size, u* is the 
shear velocity, Cf is the friction coefficient, α is the ratio between bed shear stress and interface 
shear stress. There are other characteristic flow parameters that show a strong dependency on 
the densimetric Froude number, equations (12) – (17) (Sequeiros, 2012).  
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where zp is the distance from the bed to point of maximum velocity, up is maximum (peak) 
velocity, zc is the distance from the bed to the point below maximum volume concentration, cc is 
the maximum volume concentration, C is the layer-averaged suspend sediment concentration of 
the current, zi is the distance from the bed to the current interface.  
The condition such as velocity, thickness and concentration at the current body is estimated 
by implicit model using equations (12)–(17) (Sequeiros, 2012). Input parameters are substituted 
average bed slope S = water depth / distance = (1061 – 450)/2600 = 0.0235, the bed roughness 
ks = 0.1 m, the ratio of characteristic setting velocity to shear velocity νs/u* = 0.002 (Sequeiros, 
2012). The range of conditions at current body are estimated by varying the variables, the 
distance from the bed to the current interface zi and the layer-averaged fractional excess density 
of the current   . 
The estimated conditions at the current body are shown in Fig. 35, when the velocity in 
maximum up are 2.3, 3.5, 5.0, 6.5, 8.0, 10.0, 15.0, 20.0 m/s. The lowest velocity corresponds to 
the minimum velocity estimated by the critical flow velocity for transporting the OBP-P03 
In addition, when it is supposed that the flow was 20 m which is the minimum thickness of 
the sheet-like turbidity current (estimated at Brunei Darussalam by Straub and Mohrig (2009)) 
and less than 9 vol% in sediment concentration (Bagnold, 1954), the velocity of the body of the 
turbidity current can be estimated as ~8.0 m/s in maximum, and ~5.6–5.8 m/s in layer-averaged 
velocity.   
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7. Flow condition for generating turbidity currents by tsunami 
The condition for generating turbidity currents by tsunami waves off Sanriku was 
investigated here by numerical simulation. In this study, amount of sediments entrained by the 
Tohoku-Oki Tsunami was estimated by numerical simulation using iRIC-ELIMO (iRIC Project) 
to investigate the possibility that turbidity currents are caused by the tsunami. In addition, one-
dimensional layer-averaged model is employed (Kostic and Parker, 2006) for estimating 
behavior of turbidity currents. 
 
7.1. Volumetric estimation of sediments eroded by the Tohoku-Oki Tsunami 
7.1.1. Numerical model of tsunami 
Eroded volume of seafloor sediments per unit area was estimated by the Tohoku-Oki 
Tsunami using numerical model to examine validity of generating turbidity currents.  
Temporal variation of flow velocity of the Tohoku-Oki Tsunami was reconstructed using 
iRIC-ELIMO1.0 (iRIC Project, http://i-ric.org/en/software/10). ELIMO1.0 (Easy-performable 
Long-wave Inundation Model) is software for numerical computation of tsunami based on non-
linear long-wave equation using a spherical coordinate system without run-up calculation. This 
software is capable of reliable estimations of tsunami generation, propagation and evolution on 
coasts by iRIC. Because this model of the software is not able to be modified, it was used as it 
was in this study.  
This software used the non-linear long wave and depth-integrated continuity equation on a 
spherical coordinate system (Coastal and Ocean Engineering Laboratory, School of 
Engineering, Hokkaido University, 2013). 
Depth-integrated momentum and fluid continuity equations are following: 
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where the depth-averaged velocity 
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 and the local fluid 
velocity u , v , the distance from the centrosphere r, rotation angular velocity of the earth  , 
latitude  , longitude  , atmospheric pressure Pa, surface displacement  , laminar diffusion 
coefficient 
h  (Fig. 37; Coastal and Ocean Engineering Laboratory, School of Engineering, 
Hokkaido University, 2013).  
It is assumed that Pa = 0, 
a  = 0, equations (18)–(20) are explicated as follows:  
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where 
cos
D u v
Dt t r r  
  
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  
, modified bed shear stress b
fC u u  , 
b
fC v v  , Cf = 5 
×10-3 (Coastal and Ocean Engineering Laboratory, School of Engineering, Hokkaido University, 
2013). Tsunami model is calculated using the constrained interpolation profile (CIP) method 
and predictor-corrector method as with Watanabe et al. (2012) and Goto et al. (2013).  
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7.1.2. Initial parameters of the Tohoku-Oki Tsunami 
It is necessary to input topographic data and parameters of rectangular fault model for 
tsunami simulation using ELIMO. In this study, J-EGG500 topographic data and fault 
parameters of Suito et al. (2011) were used (Table 6). 
In two lines off the Oshika Peninsula (b) and Sendai Bay (c), temporal variation of velocity 
of the Tohoku-Oki Tsunami was reconstructed using the model until the first wave of the 
Tohoku-Oki Tsunami reaches the coast. 
  
7.1.3. Methodology to estimate volume of sediments eroded by tsunami 
Temporal variation of volumetric amount of suspended sediments eroded by the Tohoku-
Oki Tsunami at seafloor was estimated from estimated temporal variation of velocity of the 
Tohoku-Oki Tsunami in two lines.  
In this study, two cases of grain-size distribution of surface sediments were examined: 
uniform size (very fine sand: 100 μm with 50% porosity) and mixed grain size based on the 
measured data by AIST (database of seafloor sediment at the Northwest Pacific Ocean, 
http://riodb02.ibase.aist.go.jp/db059/index.html) with 50% porosity. Because mean grain-size of 
sediments calculated from the measured grain-size distribution data of AIST off Sanriku (312 
data, over the range of 37.8°–39.7°N and 141°–142.4°E, 23–1116 m in bathymetry) is 3.58 phi 
(very fine sand), it is assumed that the grain size of uniform sediment is simplistically 100 μm. 
In the case of mixed sediments, grain-size distribution was discretized to grain-size classes of 
every 1 phi ranging from very coarse sand (-0.5 phi) to silt (4.5 phi). Density of sediments was 
set to 2.65 that is of natural quartz grains. 
Volume of suspended sediment eroded by the tsunami per unit area is estimated by 
equations as follows: 
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/si i dC sus h    (26) 
where sus is sediment amount eroded by tsunami, 
sw is the particle settling velocity, pr is ability 
of the bed sediment to resist erosion (= 0.03),
sE  is sediment entrainment rate, or  is the 
concentration ratio (= 1.5), 
sC  is the layer-averaged concentration of suspended sediment, F is 
grain-size distribution of the seafloor, i is grain-size class, hm is maximum height of diffusion of 
eroded sediment. Equation (24) and (25) was solved numerically by using the Euler scheme. In 
this study, advective term was ignored for simplification. 
siw  is the particle settling velocity for individual grain size class with diameter iD  is 
calculated using the relationship developed by Dietrich (1982) for natural sand.  
si fi iw R RgD   (27) 
 where R denotes the submerged specific gravity of sediment, i.e. 1.65 for natural quartz,  
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particle Reynolds number given by:  
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where   is the kinematic viscosity of water, 61×10  . 
The sediment entrainment rate for uniform sediment 
sE (Garcia and Parker, 1991) is used 
as follows: 
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The sediment entrainment rate for mixed sediment ,s iE developed by Garcia and Parker (1991) 
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is used here:  
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71.3 10A   , 0.2m    (33) 
1 0.288E     (34) 
in where 
50D  is the median grain size in the active layer and   is the standard deviation of the 
geometric mean of the grain size expressed in  phi scale. Neglecting the form-drag effect of the 
bed forms, shear velocity is correlated to layer-averaged flow velocity according to the 
following relation:  
2 2
* fu C U   (35) 
 where 
fC  is a dimensionless friction coefficient (= 0.004).  
It is assumed that velocity of tsunami at bottom is the same as the average velocity of 
tsunami and the sediments eroded by the tsunami were immediately diffused up to 5 m above 
the seabed. 
 
7.1.4. Result 
Volumetric amount of sediments eroded by the Tohoku-Oki Tsunami was estimated using 
numerical model in two lines. The Tohoku-Oki Tsunami was simulated over the range of 36.9°–
40°N and 140.7°–145°E from occurrence of tsunami to 4800 s later. Because this model 
excludes calculation of tsunami run-up, simulated data until first tsunami wave arrived at coast 
was used for estimating eroded volume of sediments in this study. Thus, our result provides only 
a minimum estimation, and actual tsunami waves can entrain sediments more during the run-up 
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and ebb stages. In Transect (b) off the Oshika Peninsula line, maximum velocity of tsunami is 
estimated 0.6–3.7 m/s at 0–300 m in bathymetry. In Transect (c) off Sendai Bay line, maximum 
velocity of tsunami is estimated 0.8–5.7 m/s at 0–350 m in bathymetry (Figs. 38, 39).  
Maximum water depth eroded by simulated tsunami is estimated at around 500 m off the 
Oshika Peninsula, around 450 m off Sendai Bay as with the value estimated by Sugawara and 
Goto (2012). Our calculation indicates that large volume of sediments were suspended by the 
tsunami at the range 0–200 m in bathymetry off the Oshika Peninsula, 0–300 m in bathymetry 
off Sendai Bay. 
 Maximum volume of sediments eroded by simulated tsunami is 2.8 cm off the Oshika 
Peninsula, 2.7 cm off Sendai Bay. When first wave of simulated tsunami arrives at coast, 
averaged values of suspended volume of sediments are 1.4 cm (0–500 m in bathymetry) off the 
Oshika Peninsula, 1.8 cm (0–450 m in bathymetry) off Sendai Bay, and 1–2 cm off Miyagi 
Prefecture (Fig. 40). 
Sediment thickness eroded by simulated tsunami in mixed sediment (very coarse sand – 
mud sized) were estimated 0–3 cm in thickness in two lines (Figs. 41, 42). It is suggested that 
seafloor sediments in coarse particle (very coarse – fine grained sand) eroded temporarily and 
locally by tsunami. On the other hand, seafloor sediments in fine particle (very fine sand – mud 
sized particle) eroded continuously and extensively by tsunami. 
 
7.2. The condition for generating turbidity currents by tsunami  
7.2.1. Numerical model of tsunami-generated turbidity currents 
The non-uniform, unsteady, one-dimensional layer-averaged model was employed for 
estimating behavior of turbidity currents (Kostic and Parker, 2006), because this model is 
already verified by flume experiments (e.g., Parker et al., 1987; Kostic and Parker, 2006) and 
simplified. There are two different points between this study model and the model of Kostic and 
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Parker (2006). First, macCormack scheme was applied to solve partial differential equations. 
Second, downstream boundary condition was set to keep densimetric Froude number of the 
head at constant value (Pratson et al., 2001). 
The three-equation model of turbidity currents containing uniform sediment involves 
integral statements of conservation of: water mass, downstream momentum, suspended 
sediment in the water column and bed sediment (Parker et al., 1986) 
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where h is thickness of a turbidity current, U is the layer-averaged current velocity in the x-
direction, C is the layer-averaged concentration of suspended sediment,   is the bed elevation, 
we  is the water entrainment coefficient, *u  is the shear velocity, sw  is fall velocity of sediment, 
sE  is the sediment entrainment rate, or  is the concentration ratio (=1.5), defined as the ratio 
between the near-bed sediment concentration and the layer-averaged suspended sediment 
concentration, R is the submerged specific gravity of sediment, S is slope gradient, g is 
acceleration due to gravity, x is distance toward the downstream direction, and t is time.  
The equation (36) expresses change of the turbidity current volume (that is h) per unit 
width. Flow volume of a turbidity current increases downstream because of entrainment of the 
ambient water. The equation (37) indicates the momentum conservation of the turbidity current. 
The turbidity current is driven by excess density due to suspended sediment (Kostic and Parker, 
2006). Right-hand member of the equation expresses gravity force in a downslope direction, 
hydraulic pressure force and frictional force from left to right (Kostic and Parker, 2003). 
Suspended load assumed to be sufficiently dilute to allow the use of the Boussinesq 
approximation in the equation of motion (37), and to neglect the effect of the hindered settling 
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(Kostic and Parker, 2006). The equation (38) expresses the sediment mass conservation in the 
turbidity current. Settling from suspended sediment on the bed and the entrainment from bed 
material are assumed to occur concomitantly (38) (Kostic and Parker, 2006).  
The above governing equations are placed in dimensionless form, which allows 
interpretation of the numerical results at arbitrary scale (Kostic and Parker, 2003, 2006).  
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In the above relation, hˆ , Uˆ , Cˆ , ˆ , tˆ , xˆ , *uˆ , and ˆ sw is the corresponding dimensionless 
forms of each value, given by respective relations (Kostic and Parker, 2006) 
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where  hu, Uu, Cu, are the values of h, U and C at the upstream boundary. 
Riu is the inflow bulk Richardson number, given as (Kostic and Parker, 2006) 
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where R denotes the submerged specific gravity of sediment. 
Dimensional shear velocity is related layer-averaged flow velocity according to the 
following relation (Kostic and Parker, 2006): 
2 2
*
ˆˆ
fu C U   (45) 
 where 
fC  is friction coefficient (= 0.0069). The coefficient of bed drag fC can be inferred to 
take a value between 10-3 and 10-1 for one-dimensional turbidity currents with Reynolds number 
in the range [4 × 102 – 2 × 106] (Parker et al., 1987). 
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sw  is the particle settling velocity with diameter D is calculated using Dietrich (1982), 
follow equation (27) –(29). 
In addition, 
we  is the water entrainment coefficient, the following form (e.g., Fukushima et al., 
1985): 
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The sediment entrainment rate 
sE  modified by Wright and Parker (2004) is used here: 
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and 
fS  is a friction slope,  evaluated for the case of turbidity currents from the relation 
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pr is used to characterize the degree of sediment strength, i.e. ability of the bed sediment to 
resist erosion (= 0.03) (Kostic and Parker, 2006).  
A deforming grid approach is adopted, and the moving boundary is fixed by means of a 
Landau transformation, such that the current front head is at the fixed point x*=1 (Kostic and 
Parker, 2006): 
 
* ˆ ˆ;
ˆ
x
x t
s t
    (50) 
The parameter sˆ  is the dimensionless position of the turbidity current head.  
After introducing the conservative dimensionless variables ˆˆqˆ Uh  and ˆˆ ˆ
t Ch  , and 
applying the transformation of Eq. (50), (39)-(41) of the “three-equation” model may be 
written in the following conservative form (Kostic and Parker, 2006): 
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The densimetric Froude number 
dhFr of the head of a turbidity current is constant, 1.2, 
regardless of slope gradient (Huppert and Simpston, 1980). Therefore, in this model, 
downstream boundary condition was set to keep densimetric Froude number of the head at 
constant value as follows (Pratson et al., 2001): 
1/3
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ˆ
ˆ
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d dh
d
h Fr Rg
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 
   (54) 
where ˆ
dh , 
ˆ
td , ˆdq is downstream boundary condition of hˆ , 
ˆ
t , qˆ , respectively. 
ˆ
td and  ˆdq  are 
obtained from the values of previous time step at the head of a turbidity current. 
Velocity of the turbidity current at upstream boundary condition was set to be 0 m/s, 
sediment concentration of the turbidity current at upstream boundary condition was varied 
according to concentration of the turbidity current near positions. MacCormack method was 
used as numerical scheme to solve partial differential equation. 
 
7.2.2. Initial parameters 
It is assumed that seafloor sediment was eroded and entrained by tsunami waves up to 
some water depth, and the turbidity current was developed from this sediment cloud (Arai et al., 
2013; Fig. 43). In order to find a threshold conditions to generate turbidity currents, behavior of 
turbidity currents were calculated using variables, such as the maximum bathymetry ht m within 
which seafloor sediment was eroded by tsunami and initial sediment layer-averaged 
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concentration of suspension cloud C0 vol% (Fig. 43). Here sediment eroded by tsunami is 
assumed to be uniformly diffused from seafloor to sea surface  
In this study, it was assumed that sediments in turbidity currents are composed of very fine 
grained sand particle (100 μm in diameter D) as same as estimation of eroded sediment by 
tsunami. Slope gradient was calculated using JODC-Expert Grid data for Geography-500 m data 
(J-EGG500; http://www.jodc.go.jp/data_set/jodc/jegg_intro.html) off Sanriku. 
 
7.2.3. Constraints  
The generating condition of turbidity currents was estimated on two lines off (b) the Oshika 
Peninsula and (c) Sendai Bay judging from five constraints described below. In these lines event 
deposits associated with the Tohoku-Oki Earthquake were observed (Fig. 27). Because 
turbidites (facies B) were observed up to a depth of 1800 m in both lines, the turbidity current is 
considered to flow to downstream edge of deep-sea terrace at least. Also, in the line off Sendai 
Bay, flow velocity and duration time of the turbidity current associated with the Tohoku-Oki 
Earthquake were estimated on the basis of observed data of OBSs and OBPs (Arai et al., 2013). 
These constraints are summarized as follows: 
1: The turbidity current must have reached the downstream edge of deep-sea terrace (1800–
1900 m in bathymetry) 
2: Flow velocity of the turbidity current must have exceeded 2.3 m/s at the site where the 
OBP was settled 
3: The turbidity current must have arrived at the site where the OBP was settled until 3 
hours after the simulation start 
4: Duration of the turbidity current must have exceeded 3 hours 
5: The averaged head velocity of the turbidity current must have been in the range of 2.4–
8.6 m/s  
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Constraint 1 was used in the line off the Oshika Peninsula, and all constraints were used in the 
line off Sendai Bay. 
 
7.2.4. Result 
Initial condition for generating turbidity currents and satisfying the constraints under 
different parameter sets (the maximum bathymetry ht m and the initial concentration C0 vol%) 
in two lines, off the Oshika Peninsula (b) and off Sendai Bay (c) were sought. Explored 
conditions range 50–450 m in ht and 0.003–1.5 vol% in C0 (Tables 7, 8). Range of ht roughly 
corresponds to continental shelf at each line that was directly affected by tsunami (Sugawara 
and Goto, 2012).  
As a result, it was revealed that satisfying constrains of generation of turbidity currents 
require parameter ranges ht = 50–186 m and C0 > 0.005 vol% in off the Oshika Peninsula line 
(b), and ht = 200–450 m and C0 = 0.005–0.6 vol% in off Sendai Bay line (c) (Fig. 44; Tables 7, 
8). These concentration values approximately fit a range of the concentration of subaqueous 
sediment density flow estimated based on monitoring data from 0.00005 to 0.5 vol% (Talling et 
al., 2013). When maximum bathymetry ht becomes deeper, turbidity currents can be developed 
from more dilute suspension. In off Sendai Bay line, when initial concentration C0 is set higher, 
velocity of turbidity currents exceeds the range of the velocity estimated from observed data 
(Constraint 5).  
A phase diagram of generation of turbidity currents indicates the threshold for generating 
turbidity currents varies depending on topography (Fig. 44). As explained above, the threshold 
bathymetry ht negatively correlates to the threshold concentration C0. In the transect line of Off 
the Oshika Peninsula the threshold concentration remarkably drops when the threshold 
bathymetry increases, whereas C0 does not decrease significantly in the transect line off Sendai 
Bay.   
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In each line, volume of suspended sediments required to generate turbidity currents was 
estimated as follows. In Transect (b) off the Oshika Peninsula line, at condition where ht = 186 
m, minimum concentration C0 is 0.005 vol%. To attain this concentration, seafloor sediments 
should have been eroded at least 1.4 cm in thickness (porosity 50%) by the tsunami. In Transect 
(c) Sendai Bay line, at condition where ht = 450 m, minimum concentration C0 is 0.005 vol%, 
and thus seafloor sediments should have been also eroded at least 1.4 cm in thickness (porosity 
50%) by the tsunami. 
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8. Discussion 
8.1. The sheet-like turbidity current as a cause of the anomalous event 
It is proposed that the downslope sediment flow indicated by the anomalous event of the 
sensors at 3 hours after the main shock and new sediments on the seafloor and in the sensors 
resulted from a sheet-like turbidity current (Izumi, 2004; Straub and Mohrig, 2009). It is 
unlikely that the main shock and aftershocks of the earthquake caused the anomalous event 
directly because there was the time gap between the main shock and the event and no large 
aftershocks were recorded at the event time. The downslope movement of the OBP clearly 
indicates the occurrence of a flow down a slope (Dengler et al., 1984; Talling et al., 2013) and 
the flow was not a contour current. The temperature anomaly in the OBP suggests that a warm 
water mass was transported rapidly from upslope (Mikada et al., 2006, Kasaya et al., 2009). 
Sediment cores and sediment infilling the sensors indicate that the flow caused extensive recent 
sedimentation on the seafloor near the epicenter after the Tohoku-Oki Earthquake. These events 
imply that sediment-gravity flow (e.g., turbidity currents) run off Sanriku at 3 hours after the 
main shock. Moreover, the graded bedding, fining-offshore trend and coarse fraction change of 
the sediment cores and the infilled the sensors are typical features of turbidites (Middleton and 
Hampton, 1976; Piper and Deptuck, 1997). In general, turbidity currents can widely disseminate 
unconsolidated sediments over a downslope basin (Hughes-Clarke et al., 1990). Then, the high-
frequency fluctuations in the pressure records of OBP-P03 could be interpreted as saltation of 
the device during the displacement. The anomalous ground motion of OBP-S03 could have 
resulted from seawater turbulence and impacts of sediment particles during the passage of the 
turbidity current. Additionally, it is likely that the turbidity current was sheet-like form because 
sediment cores and infilled sediments spread out uniformly north and south at a wide area (area 
of about 150 km square) even though there are a few developed submarine canyons and distinct 
gullies in this area (Figs. 2 and 19). 
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8.2. Triggering mechanism of the turbidity current 
The 2011 Tohoku-Oki Tsunami was inferred to have triggered the turbidity current (Fig. 
36), based on several lines of evidence. A numerical simulation of the Tohoku-Oki Tsunami 
estimated that a long oscillation of the tsunamis could suspend sandy sediments of 0.4–2.5 phi 
maximum within this offshore region up to 98 km from the coastline (Sugawara and Goto, 
2012; Arai et al., 2013) (Fig. 45). The same numerical simulation indicated virtually vanishing 
friction velocity at a depth of 450 m (Sugawara and Goto, 2012), implying that the tsunami 
could not directly erode or transport seafloor sediments deeper than this. Thus, the sandy cover 
sediments distributed deeper than 450 m cannot have been transported by the backwash flow of 
the tsunami, but instead must have been transported by a turbidity current. This turbidity current 
would have developed from the downslope motion of a sheet-like suspension cloud of seafloor 
sediment particles stirred up by the tsunami at shallower depths (Parker, 2006; Traykovski et al., 
2007). The turbidity current could further grow by a self-acceleration process that is caused by 
sediment entrainment from a seafloor of a submarine slope (Parker et al., 1986; Sequeiros et al., 
2009). Sensors OBP-P03 and OBS-S03 were especially affected by the flow in this region, 
which may be explained by local enhancement of the self-acceleration process due to a) the 
abundant supply of sandy sediment from Sendai Bay, or b) flow through small, steep local 
gullies and slopes. 
Alternative processes in the deep sea cannot explain the displacement of the OBP and 
concomitant deposition of sediment. Earthquake-induced vibrations could not have transported 
the OBP, because no large aftershock was recorded by the other OBSs off Miyagi during its 
movement. Furthermore, submarine landslides are also unlikely to have been the cause of 
transport of the OBP, because the OBPs and OBSs showed little damage, and cavities inside 
these units were only partially infilled with sediment. Additionally, submarine slump scars and 
submarine landslides are not detected with the sub-bottom profiling data in this area after the 
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earthquake (Fig. 19). The extensive but thin-bedded distribution of new sediment, as well as the 
lack of evidence of submarine slump scars indicates that the flow was relatively a low-
concentration sediment-gravity current (Hughes-Clarke et al., 1990). 
 
8.3. Tsunami-generated turbidite 
It is considered that the tsunami-generated turbidites consists of fine-grained deposits, were 
distributed thinly at the wide area. Five types of the event deposits were recognized at the wide 
area over the range of ~150 km north and south, 300–7500 m in bathymetry. Among them, 
Facies B and D, turbidites deposited after the earthquake and before FDND were distributed at 
800–7500 m in bathymetry. Because submarine slump scars and submarine landslides are not 
detected with the sub-bottom profiling data in this shallow area after the earthquake (Fig. 19), it 
is considered that these facies were formed by mainly the tsunami-generated turbidity current. 
These facies consist of well sorted very fine grained to clayey silt, in particular mean grain size 
of these facies is silt sized at the area deeper than 1000 m. These facies show mainly only 
normal grading, it indicates suspension fall out was dominated (Stow and Shanmugam, 1980). 
Large amount of excess 210Pb indicates the sediment of the turbidity current consists of eroded 
surface sediments on seafloor. Also, thickness of these facies is less than 10 cm at the wide area, 
20 cm in maximum only at trench. Water depth of sites deepens, number of layers increases due 
to confluences of a turbidity current or flow of a few turbidity currents (Gutiérrez-Pastor et al., 
2013).  
Additionally, it is likely that the tsunami-generated turbidites can preserve in geological 
records at high sedimentation rate areas such as forearc basin and trench axis based on long core 
data.  
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8.4. Estimated flow velocity of the turbidity current 
The estimated flow velocity of the turbidity current reported in this study is within the 
range recorded for modern turbidity currents in previous studies. The delay between the OBP 
movement and the tsunami and earthquake occurrences can be interpreted as the travel time of 
the turbidity current from its provenance, it has been found that duration time of turbidity 
currents ranges from 1 to 13 hours based on the monitoring data (Talling et al., 2013). It took 2–
3 h for the turbidity current to travel from the shallower area (~100–450 m in depth) where the 
tsunami could have affected the substrate. The average velocity of the head of the turbidity 
current thus should have reached at least 2.4–8.6 m/s (Arai et al., 2013). In addition, when they 
are supposed that the flow was 20 m in thickness (Straub and Mohrig, 2009) and less than 9 
vol% in sediment concentration (Bagnold, 1954), the velocity of the body of the turbidity 
current can be estimated as ~8.0 m/s in maximum by the method of Sequeiros (2012) that 
assumes the body of the flow was nearly quasi-steady condition. On the other hand, the 
minimum flow velocity required to move OBP-P03 is estimated to be 2.3 m/s, assuming that the 
coefficients of drag and friction of the OBP are approximately the same as a boulder-sized clast 
(Noormets et al., 2004; Parker, 2005).  
These estimated values fit a range of the velocity of subaqueous sediment density flow 
such as turbidity currents and debris flows from monitoring data from 0.2 to 20.5 m/s (Talling et 
al., 2013). For example, velocity of the 1929 Grand Turbidity Current associated with slope 
failures by earthquake, which was estimated to ~7.8 m/s on the basis of the time difference 
between underwater cable cuts (Shepard, 1963). Furthermore, a series of turbidity currents 
associated with slope failure by storms off Oahu in Hawaii was estimated to have velocities 
~3.0 m/s as measured by current meter displacement (Dengler et al., 1984). This velocity is in 
the range of those reported in this study. 
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8.5. Threshold for generating turbidity currents by tsunamis 
By using numerical experiments, it is revealed that the tsunamis which have same 
magnitude to the 2011 Tohoku-Oki Tsunami can potentially produce turbidity currents in deep-
sea areas. The numerical experiments revealed that initial conditions for generating tsunami-
generated turbidity currents range widely. Generation of turbidity currents by tsunamis requires 
the following conditions: maximum bathymetry ht = 50–186 m and initial concentration C0 > 
0.005 vol% in Transect (b) off the Oshika Peninsula, and ht = 200–450 m, C0 = 0.005–0.6 vol% 
in Transect (c) off Sendai Bay.  
The estimated minimum volume of suspended sediments also suggests that turbidity 
currents can be generated by tsunami that has same scale of magnitude to the Tohoku-Oki 
Tsunami. The numerical model of turbidity currents indicated that seafloor sediments should 
have been eroded at least 1.4 cm in thickness (porosity 50%) by the Tohoku-Oki Tsunami to 
generate the turbidity currents off both lines. Indeed, minimum estimation of the spatial average 
volume of sediments eroded by simulated the Tohoku-Oki Tsunami were 1.4 cm off the Oshika 
Peninsula, and 1.8 cm off Sendai Bay. These estimated values totally verify that the large-scale 
tsunamis can generates turbidity currents in active margin such as the Tohoku-Oki region.                                                                                                                                                                                                              
 
8.6. Future tasks 
In this study, characteristic of the sedimentological events on seafloor associated with the 
2011 Tohoku-Oki Earthquake and Tsunami were investigated from the sensor data, seafloor 
observation and surface sediments. As a result, it is proposed that new hypothesis of tsunami-
generated turbidity currents, which was verified by numerical models. To improve and enhance 
the understanding of turbidity currents associated with large-scale tsunamis, however, it seems 
necessary to investigate other causes of turbidity currents. Improvement of numerical models is 
also urgent issue for this theme. 
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There are several problems to solve in future studies. Firstly, this study employed quite 
simplified models of tsunami-generated turbidity currents and tsunami erosion. It is necessary to 
employ more suitable numerical models such as a coupled model of 4 equation turbidity current 
model and three dimensional tsunami model for better understanding tsunami-generated 
turbidity currents. This model can reconstruct vertical diffusion of suspended sediments by 
tsunami and behavior of turbidity currents on the base of consumption of turbulence energy. 
Secondly, constraints for model verification can include grain-size distribution and thickness of 
turbidites. Using these values as model constraints, initial conditions of the turbidity current 
associated with the Tohoku-Oki events can be estimated more tightly. From sedimentological 
viewpoints, evaluation of preservation potential of event deposits off Sanriku is significant issue 
and will be investigated by sampling surface sediments at regular time intervals. 
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9. Concluding remarks 
This study proposed a hypothesis that the large-scale tsunami itself can produce turbidity 
currents in deep-sea areas without any other processes such as submarine slumps. This 
hypothesis was raised from investigation of characteristics of the turbidites and turbidity 
currents on seafloor associated with the 2011 Tohoku-Oki Earthquake and Tsunami from the 
sensor data, seafloor observations and surface sediments. Our hypothesis was examined by 
using numerical models.  
Our results can be summarized as follows:  
(1) Anomalous events such as displacement of an OBP, anomaly of sensors data and new 
sediments on the seafloor and in the sensors were discovered after the earthquake. These 
anomalous events indicated that the downslope sediment gravity flow occurred after the 
Tohoku-Oki Earthquake; it is proposed that the flow was a turbidity current.  
(2) Event deposits associated with the Tohoku-Oki events were obviously observed at 14 sites in 
21 sites where sediment cores were collected over range of water depth 170–7550 m, 37.9–
39.2°N. Then, five sedimentary facies of event deposits were recognized and were 
interpreted as mainly turbidites.  
(3) It is considered that the turbidity current was developed from suspended cloud eroded by the 
Tohoku-Oki Tsunami because of the absence of related submarine landslides at the shallow 
area. Estimated velocity of the turbidity current associated with the Tohoku-Oki events is 
2.4–8.6 m/s. This estimated value fits a range of the velocity of subaqueous sediment density 
flow such as turbidity currents and debris flows from monitoring data. 
 (4) The estimated minimum volume of suspended sediments suggests that turbidity currents can 
be generated by tsunami which as a same scale of the Tohoku-Oki Tsunami. Numerical 
model suggested that seafloor sediments should have been eroded at least 1.4 cm in thickness 
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(porosity 50%) by the tsunami, which is sufficient for generating the turbidity currents.  
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Notation 
The following symbols are used in this thesis: 
 
An: area of the particle projected normal to the flow (m
2) 
C: layer-averaged suspend sediment concentration of turbidity current (vol%) 
cc: maximum volume concentration (vol%) 
CD: drag coefficient 
Cf: dimensionless friction coefficient 
Ch: layer-averaged concentration of suspended sediment at the current head (vol%) 
Cs: layer-averaged concentration of suspended sediment (vol%) 
Cu: value of the upstream boundary of C 
CV: coefficient of variance of grain-size distribution (dimensionless of sorting, M ) 
C0: initial sediment layer-averaged concentration of suspension cloud  (vol%) 
d: representative value of each grain-size class 
Di: representative grain diameter of the i-th grain-size class 
Dmax: maximum grain size class in grain-size distribution 
D10, D90: 10th and 90th percentile grain-size values 
D50: median grain-size 
Es: sediment entrainment rate for uniform sediment 
Es,i: sediment entrainment rate for mixed sediment 
ew: water entrainment coefficient 
F: grain-size distribution of the sediment 
 iF D : volume percentage of sediment in the i-th class grain-size fraction (vol%) 
FD: drag force 
Frd: densimetric Froude number 
Frdh: densimetric Froude number at the head of turbidity current 
Fμ: normal frictional force 
Fμm: maximum frictional force 
g: acceleration due to gravity (= 9.81 m/s2) 
h: thickness of a turbidity current (m) 
ˆ
dh : downstream boundary condition of hˆ (m) 
hh: thickness of the head (m) 
hm: maximum height of diffusion of eroded sediment (m) 
ht: maximum bathymetry which seafloor sediment was eroded by tsunami (m) 
hu: value of the upstream boundary of h (m) 
hw: water depth (m) 
i: grain-size class 
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ks: bed roughness 
L: distance from OBP-P03 position (m) 
M: mean grain-size 
m: mass of the partly submerged boulder (kg) 
p: volume fraction of each grain-size class (vol%) 
Pa: atmospheric pressure (N/m
2) 
pr: ability of the bed sediment to resist erosion (=0.03) 
qˆ : conservative dimensionless variables ˆˆqˆ Uh   
ˆ
dq : downstream boundary condition of qˆ  
R: submerged specific gravity of sediment, i.e. 1.65 for natural quartz 
r: distance from the centrosphere 
Rep: particle Reynolds number 
Riu: inflow bulk Richardson number 
or : concentration ratio between the near-bed sediment concentration and the layer-averaged 
suspended sediment concentration (=1.5) 
S: bed slope 
sˆ : dimensionless position of the turbidity current head 
sˆ : dimensionless velocity of the current head 
 iS D : grain-size segregation curve of two grain-size distributions 
Sf: friction slope 
sus: sediment amount eroded by tsunami 
t : time (s) 
tˆ : dimensionless time 
U: layer-averaged current velocity of turbidity current 
u: depth-averaged velocity of tsunami 
u : local fluid velocity of tsunami 
uf: flow velocity (m/s) 
Uh: layer-averaged head velocity of turbidity current 
hU : averaged head velocity (m/s) 
up: maximum (peak) velocity 
Uu: value of the upstream boundary of U 
*uˆ : dimensionless shear velocity 
2 2
*
ˆˆ
fu C U  
u*: shear velocity 
v: depth-averaged velocity of tsunami 
v : local fluid velocity of tsunami 
sw : particle settling velocity 
siw : particle settling velocity for individual grain size class with diameter iD  
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x: distance toward the downstream direction 
xˆ : dimensionless bed-attached streamwise coordinate x 
x*: current front head is at the fixed point =1 
z: distance from the bed to the current interface 
zc: distance from the bed to the point below maximum volume concentration 
zp: distance from the bed to point of maximum velocity 
α: ratio between bed shear stress and interface shear stress 
 : surface displacement (m) 
 : bed elevation 
 : latitude (rad) 
μ: the coefficient of friction 
 : kinematic viscosity of water ( 61×10  ) 
h : laminar diffusion coefficient 
ρf: mass of unit volume of the sea water (kg/m
3) 
 : sorting coefficient of grain-size distribution (phi) 
b
 , 
b
 : modified bed shear stress (
b
dC u u  ,
b
dC v v  ) 
 : longitude (rad) 
ˆ
t : conservative dimensionless variable 
ˆˆ ˆ
t Ch   
ˆ
td : downstream boundary condition of 
ˆ
t  
 : rotation angular velocity of the earth 
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Figure and Table 
 
Fig. 1 Topographic characteristics of the Pacific side off Tohoku region, North-eastern Japan.  
A: Index map. Seafloor map is made from J-EGG500 data. The star indicates the epicenter of 
main shock of the 2011 Tohoku-Oki earthquake. B: Topographic characteristics of the Pacific 
side off Tohoku region from land to sea. Modified after Nasu et al. (1980). C: Interpretation of 
multichannel seismic reflection records. Modified after Nasu et al. (1980). Close-up image of B.  
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Fig. 2 Detailed submarine topography at the shallow area of the Pacific side of Tohoku region. 
Seafloor map is made from the acquired data (offered by Dr. Takafumi Kasaya) after the 
earthquake in the area surrounded by blue-dashed line and J-EGG500 in the other area. Contour 
interval is 100 m in bathymetry. Gray lines indicate core sampling lines (a)–(d). 
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Fig. 3 Locations of OBPs and OBSs, OBEM off Iwate and Miyagi Prefecture, Tohoku region.  
Seafloor map is made from J-EGG500 data. Contour interval is 50 m in bathymetry. The star 
indicates the epicenter of the main shock on 11 March, 2011. The position data were offered by 
Prof. Ryota Hino, Dr. Yoshihiro Ito, Dr. Daisuke Inazu and Dr. Takafumi Kasaya. 
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Fig. 4 Locations of seafloor observation off Iwate and Miyagi Prefecture, Tohoku region. 
Seafloor map is made from J-EGG500 data. Contour interval is 50 m in bathymetry. 
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Fig. 5 Locations of core sampling sites and bathymetries of core sampling lines off Iwate and 
Miyagi Prefecture, Tohoku region. 
A: Locations of core sampling sites, C01–C22. Gray lines indicate core sampling lines (a)–(d). 
Seafloor map is made from J-EGG500 data. Contour interval is 50 m in bathymetry.  
B: Bathymetry of core sampling lines (a)–(d) from coastline to around trench.  
  
B 
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Fig. 6 Detailed locations of the core sampling sites C01–C02 in (a) line.  
Red circle: push core sample in 2012, blue circle: push core sample in 2013. Seafloor map in the 
colored area is made from the acquired data (offered by Dr. Takafumi Kasaya) after the 
earthquake and that in colorless area is made from J-EGG500 data. Contour interval is 10 m in 
bathymetry. 
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Fig. 7 Detailed locations of the core sampling sites C03–C11 in (b) line.  
Red circle: push core sample in 2012, blue circle: push core sample in 2013.Seafloor map in the 
colored area is made from the acquired data (offered by Dr. Takafumi Kasaya) after the 
earthquake and that in colorless area is made from J-EGG500 data. Contour interval is 20 m in 
water depth. 
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Fig. 8 Detailed locations of the core sampling sites C12–C14 in (c) line.  
Red circle: push core sample in 2012, green square: piston core sample in 2012. Seafloor map in 
the colored area is made from the acquired data (offered by Dr. Takafumi Kasaya) after the 
earthquake and that in colorless area is made from J-EGG500 data. Contour interval is 20 m in 
bathymetry. 
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Fig. 9 Detailed locations of the core sampling sites C15–C17 in (d) line.  
Red circle: push core sample in 2012, blue circle: push core sample in 2013. Seafloor map in the 
colored area is made from the acquired data (offered by Dr. Takafumi Kasaya) after the 
earthquake and that in colorless area is made from J-EGG500 data. Contour interval is 10 m in 
bathymetry. 
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Fig. 10 Detailed locations of the core sampling sites C18–C21 at the trench slope.  
Seafloor map is made from the acquired data (offered by Dr. Takafumi Kasaya) after the 
earthquake. Contour interval is 10 or 20 m in bathymetry. 
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Fig. 11 Detailed locations of the core sampling sites C22 at the trench axis (Modified after 
Kasaya et al., 2012).  
Contour interval is 10 m in bathymetry. Site C22-b is only located at the seaward trench slope. 
Site C22-e is located at the coseismic displacement (yellowish green area) caused by the 11 
March 2011 Tohoku-Oki earthquake (Fujiwara et al., 2012). 
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Fig. 12 Seafloor observation and sediment sampling method. 
A: Deeptow with dredge, B: ROV Hyper-dolphin, C: HOV Shinkai6500, D: Multiple corer, E: 
Pilot and Piston corer, F: Dredge towing by deeptow on seafloor, G: Push corer. 
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Fig. 13 Appearance of OBPs when they were recovered by ROV (Modified after Arai et al., 
2013). 
A: P03 OBP-P03 was found lying on the seabed at recovery position. Locations (red square) of 
OBP-P03 deployment and recovery sites show in left seafloor map. B: P08. OBPs such as OBP-
P08 were partially buried into a very smooth seafloor, composed of unconsolidated fine 
sediments. The data were offered from Prof. Ryota Hino, Dr. Yoshihiro Ito, and Dr. Daisuke 
Inazu. 
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Fig. 14 Water pressure, temperature and ground motion records from OBPs and OBSs (Arai et 
al., 2013). 
Anomalous changes started at ~3 h after the main shock. A: Water pressure (red line) and 
temperature (blue line) records at OBP-P03. B: Details of water pressure records at OBP-P03 
and P02. Red line: water pressure records. Gray line: residuals from moving averages of water 
pressure records. High-frequency and low-amplitude fluctuations were recorded by OBP-P03, 
whereas data were recorded at OBP-P02 when no aftershocks were recorded. C: Ground motion 
records of OBS-S03, S02, and LS4. Amplitude growth starting at 8:54 UTC was recorded only 
by OBS-S03. The original data were offered from Prof. Ryota Hino, Dr. Yoshihiro Ito, and Dr. 
Daisuke Inazu. 
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Fig. 15 Appearance of seafloor. a: soft sediment layer covered on the seafloor. b: soft sediment 
layer covered and current mark was observed. c: current mark was observed. d: bedform was 
observed. e: bacterial mats. f: accumulation of sediments, gravels and garbage. g: comparison of 
appearance of seafloor at same position. g-1: 2008, g-2: 2011. h: comparison of appearance of 
seafloor at same position. h-1: flame of quadrat (yellow-blue stripe) was shown in 2011. h-2: 
flame of quadrat was not shown in 2012. Current mark indicates depositional and erosional 
structure due to flow and bedform indicates depositional structure due to flow. 
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Fig. 16 The sediments filled in the OBSs (LS1) and aspects of surfaced OBSs observed during 
and after the main shock at seafloor off Miyagi Prefecture (Modified after Arai et al., 2013 and 
Miura et al., 2014).  
a, b: The OBSs were filled with greenish dark-gray sand to silt sediments. These sediments 
intruded the cavities through the holes in the OBSs. c: Surfaced OBS on March 25, 2011 (cruise 
KR11-05 Leg2, R/V Kairei), deployed in 2010, observed during the main shock. Muddy water 
was outflowing from the OBS. d: Surfaced OBS on June 29, 2012 (cruise 12-05, R/V Ryofu-
maru), deployed after the earthquake, 2011. Abundant muddy water has never been observed 
from the OBSs recovered before the earthquake and deployed after the main shock. These 
photographs were offered by Dr. Ryo Miura. 
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Fig. 17 Characteristics of the sediments that filled the OBSs (Modified after Arai et al., 2013).  
The sediments became gradually finer toward offshore on the continental slope from 300 to 
1100 m in depth, whereas they coarsened toward a fringe of the downslope basin (1100 to 1400 
m deep). Black circle: Data point (OBS positions). a: Mean grain-size (phi), b: Sand content 
(vol%), c: Coefficient of variance (dimensionless sorting value), and d: Maximum grain size 
(phi). These figures were illustrated using linear approximation. 
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Fig. 18 Grain-size distributions and change patterns of the sediments that filled the OBSs off 
Sendai Bay (Arai et al., 2013).  
Left: Grain size distribution of the sediments off Sendai Bay. The sediments are composed of 
particles with a wide range of grain size. Right: Grain-size segregation curve (Akiyama et al., 
2007). The coarse-grained fraction of sediments can be seen to have changed notably. 
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Fig. 19 The maximum slope gradient and sub-bottom profile in this area where OBPs and OBSs 
were deployed (Arai et al., 2013).  
a: Maximum slope gradient in the area where OBPs and OBSs were deployed. Submarine 
canyons and distinct gullies are not recognizable. This figure is made from J-EGG500 data. b: 
Sub-bottom profiling image along the white line in upper figure. Submarine slump scars and 
submarine landslides are not detected in this area after the earthquake. This profiling data were 
acquired in July 2012 using a parametric sub-bottom profiler (TOPAS PS 18, Kongsberg) which 
Kaiyo Maru No.7 is equipped with. The sub-bottom profiling data were offered from Dr. 
Takafumi Kasaya. 
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Fig. 20 Data of sediment cores on each site at 170–1660 m in bathymetry.  
Geologic column, photograph, X-ray CT image, mean and CV of CT value, radioisotope data, 
water content, mean and CV of grain-size distribution and mud content are shown. The 
radioisotope data were offered from Dr. Tomohisa Irino and Dr. Yu Saitoh. 
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Fig. 21 X-ray CT images of sediment cores at Site C18. Black dashed circle: sample of 2011, 
Red circle: sample of 2012. 
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Fig. 22 X-ray CT images of sediment cores at Site C19. Black dashed circle: sample of 2011, 
Red circle: sample of 2012.  
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Fig. 23 X-ray CT images of sediment cores at Site C20. Red circle: sample of 2012. 
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Fig. 24 X-ray CT images of sediment cores at Site C21. Black dashed circle: sample of 2011, 
Red circle: sample of 2012. 
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Fig. 25 Data of Sediment cores at C22 site.  
Photograph, component of sediment and geologic column are shown. 
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Fig. 26 Detailed sediment core data at C22-c. 
Photograph, component of sediment, geologic column, density measured from gamma-ray 
attenuation (green line), magnetic susceptibility (blue line), CCR and grain-size distribution data 
are shown. 
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Fig. 27 The 21 sediment core samples off Miyagi Prefecture. The event deposits were observed 
obviously at the top of 14 core samples. Additionally, accumulated remains of brittle stars occur 
in C07 core sample at the interval of 6-8 cm sample below seafloor. Left: X-ray CT images 
(WL: 900, WW: 1600), right: geologic columns. Red line indicates boundary between event and 
historical deposits, gray line indicates boundary between the deposits before and after FDND. 
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Fig. 28 Thickness distribution of event deposits off Sanriku. 
Seafloor map is made from J-EGG500 data. Contour interval is 200 m in bathymetry.  
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Fig. 29 Characteristics of event deposits and historical layers in the sediment cores off 
Kinkasan.  
Black circle: Data point (core sampling positions). Upper: Mean grain-size (phi), lower: mud 
content (vol%). Solid line: event deposits, dashed line: historical layers. These figures were 
illustrated using linear approximation. 
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Fig. 30 Comparison with grain-size distribution of event deposits and historical layers. 
A: Site C08, B: Site C13. 
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Fig. 31 Comparison of event deposits in a shallow marine area between sampling in May 2012 
and November 2013. X-ray CT images of each core are shown. Left: May 2012, right: 
November 2013. Red line indicates base of event deposits.  
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Fig. 32 Long core data at Site C09, C10, C13 and C14.  
X-ray CT image (helical scan, scanogram), photograph, geologic column, density measured 
from gamma-ray attenuation, magnetic susceptibility and tephra data are shown. Flow in 
indicates a disturbed core sample. Ages of tephra refer to Machida and Arai (2003). Tephra data 
were offered from Dr. Yasufumi Satoguchi.  
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Fig. 33 Long core data at Site C22.  
CCR, photograph, component and sedimentary structure of sediments data are shown. 
 111 
 
  
Fig. 34 Detailed long core data at Site C22-f.  
Sketch, photograph, component of sediments, geologic column, density measured from gamma-
ray attenuation, magnetic susceptibility, CCR and grain-size distribution data are shown.  
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Fig. 35 The estimated flow conditions of the body of the turbidity current on the basis of the 
quasi-steady flow model of Sequeiros (2012) (Arai et al., 2013).  
This figure indicates the thickness h against the maximum suspended sediment concentration cc 
at the current body for different maximum flow velocities up = 2.3, 3.5, 5.0, 6.5, 8.0, 10.0, 15.0, 
20.0 m/s. When it is supposed that the sheet-like turbidity current was 20 m in thickness (Straub 
and Mohrig, 2009) and less than 9 vol% in sediment concentration (Bagnold, 1954), the velocity 
of the body of the turbidity current can be estimated at ~8.0 m/s in maximum. 
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Fig. 36 A schematic diagram of the tsunami-generated turbidity current and turbidite (Modified 
after Arai et al., 2013). 
1: When Tohoku-Oki tsunami approached Tohoku coast from offshore, the seafloor sediments 
were eroded and entrained by the tsunami because of its long wave length. 2: The suspension 
cloud of sediment particles started to flow downslope owing to its excess density. Backwash 
flow of the tsunami may have provided the initial velocity for the movement of the suspension 
cloud toward offshore. 3: In the course of the offshore movement, the suspension cloud grew 
into the turbidity current and was accelerated by the erosion of basal sediments (the self-
acceleration process). When the turbidity current arrived at OBP-P03 position, the current 
transported the OBP. 4: The turbidity current flowed off, and both the tsunami-generated 
turbidite and the OBP were deposited from the current. 
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Fig. 37 Conceptual diagram of tsunami model (Modified after Coastal and Ocean Engineering 
Laboratory, School of Engineering, Hokkaido University, 2013). 
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Fig. 38 Estimated velocity of simulated tsunami and maximum eroded sediment thickness by 
simulated tsunami using iRIC-ELIMO off the Oshika Peninsula (b). 
Left: Bathymetry. Middle: temporal and spatial variation of velocity of simulated tsunami. 
Right: spatial variation of maximum eroded sediment thickness by simulated tsunami.  
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Fig. 39 Estimated velocity of simulated tsunami and maximum eroded sediment thickness by 
simulated tsunami using iRIC-ELIMO off Sendai Bay (c). 
Left: Bathymetry. Middle: temporal and spatial variation of velocity of simulated tsunami. 
Right: spatial variation of maximum eroded sediment thickness by simulated tsunami. 
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Fig. 40 Average thickness of eroded sediments by simulated Tohoku-Oki tsunami off the Oshika 
Peninsula (b) and Sendai Bay (c).  
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Fig. 41 Temporal and spatial variation of eroded sediment thickness of mixed sediment by 
simulated tsunami off the Oshika Peninsula (b). 
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Fig. 42 Temporal and spatial variation of eroded sediment thickness of mixed sediment by 
simulated tsunami off Sendai Bay (c). 
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Fig. 43 Conceptual diagram of initial condition of tsunami-generated turbidity currents.  
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Fig. 44 Initial condition for generating tsunami-generated turbidity currents. 
Red square: develop turbidity currents and meet constraints. 
Green triangle: develop turbidity currents and not meet constraints. 
Blue rhombus: not develop turbidity currents and not meet constraints. 
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Fig. 45 The calculated maximum flow velocity and friction velocity of Tohoku-Oki tsunami off 
the Tohoku region using the numerical tsunami model by Sugawara and Goto (2012) (modified 
from Fig. 6 and 9 in Sugawara and Goto, 2012).  
a: The calculated maximum flow velocity of the Tohoku-Oki tsunami. The maximum flow 
velocity of the tsunami showed the highest value between 0–200 m in depth. b: Maximum 
friction velocity of the tsunami at CD line of a and suspension threshold velocity. It is inferred 
that 0.5–2.5 phi sandy sediment was suspended by the flow. 
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Table 1 Research cruises and investigation methods. 
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Table 2 List of seafloor observation. 
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Table 3 Positions of OBSs, OBPs and OBEM and data on the buried thickness of the sediment 
(Suzuki et al., 2012; Arai et al., 2013; Ito et al., 2013). Position of installation is the ship 
position when the OBP was installed. Position of deployment and pop-up recovery are based on 
several transponder measurements at three ship positions (Ito et al., 2011). The accuracy of the 
data for the installation is several hundred meters, while that of pop-up recovery and 
deployment is several ten meters. The accuracy of ROV recovery is several meters. The buried 
thickness is the thickness of the sediment to which the OBPs were buried, based on the depth of 
the bottom of the OBP when recovered by the ROV. 
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Table 4 Positions of sediment core samples. 
Position of ship (KT-12-9, BO13-20) is the ship position when the core sampler arrived at the 
bottom. The accuracy of the data for the ship is from several ten to several hundred meters. The 
accuracy of transponder measurement (MR12-E01, MR12-E02 leg3) and ROV position (YK11-
E06 leg1, YK12-13) are several ten meters. 
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Continue. 
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Table 5 Statistics of the grain-size distributions of the sediment that filled the OBSs, OBPs and 
OBEM. 
 
 
  
 129 
 
Table 6 Parameters of rectangular fault model of Tohoku-Oki Earthquake (Suto et al., 2011) 
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Table 7 Initial parameters and behavior of simulated turbidity currents in transect (c) off the 
Oshika Peninsula. 
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Table 8 Initial parameters and behavior of simulated turbidity currents in transect (c) off Sendai 
Bay. 
 
 
 
 
 
 
 
